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 Ionizable residues govern many biological processes including energy 
transduction and enzymatic reactions. Ionizable groups are highly sensitive to their 
environment and have different properties when in the presence of or sequestered from 
bulk solvent. Understanding the factors that determine pKa values of the internal 
ionizable residues will greatly improve our ability to predict the behavior of proteins with 
natural or engineered ionizable groups. 
 Previous work with staphylococcal nuclease (SNase) with substitutions to Asp, 
Glu, Lys, and Arg residues at 25 different internal positions showed that the pKa values 
can be shifted up to 5.5 pKa units relative to the model compound value. This thesis 
investigates the determinants of pKa values and the effects that polar and ionizable 
residues have on protein structure and stability. By placing a single His residue at 25 
different internal locations in SNase, we describe the influence of the microenvironment 
on the pKa and illustrate the unique behavior of His. Further studies with Lys at similar 
positions show the extent to which global protein stability affects pKa values. The results 
of these experiments will have a great impact on structure-based computational 
algorithms used to predict pKa values in proteins. Lysine was also used to validate a 
novel approach towards the systematic engineering of a protein to have high sensitivity to 
pH with the goal of undergoing a global unfolding event at a specified pH threshold. The 
findings presented in this work will provide insight beneficial to the fields of 
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 Most polar and ionizable amino acids are found on the protein-water interface, 
where they can interact with water. A few of them are buried in the hydrophobic and 
dehydrated interior of the protein. Owing to their dehydration, these buried polar and 
ionizable groups can have highly anomalous properties and they can affect the stability 
and dynamics of a protein significantly. The few buried polar or ionizable groups that are 
found in proteins are usually essential for biological processes. One of the goals of this 
dissertation is to examine the relationship between the presence of polar and ionizable 
residues in the hydrophobic interior and the stability and conformational states of proteins. 
It is important to understand how these groups contribute to protein function, to 
understand the potentially deleterious consequences of spontaneous mutations of internal 
hydrophobic residues into polar or ionizable residues, and to learn how to harness the 
atypical properties of buried polar or ionizable groups for the engineering of novel 
protein function. Another goal was to contribute to the deeper understanding of the 
physical properties of proteins that determine their behavior as a dielectric material when 
exposed to charged groups. This is important because this behavior governs the 
magnitude and character of electrostatic effects involving these buried groups. We 
anticipate that the results of the experiments discussed within this dissertation will also be 
useful to guide improvements for computational methods for structure-based energy 
calculations and as benchmarks to examine the validity of these calculations. 
 Results from four different studies are described in this dissertation: (1) 
Thermodynamic stability measurements to determine consequences of substitution of 
buried residues in staphylococcal nuclease (SNase) with polar residues with hydroxyl 
groups (Ser, Thr, Tyr). To our knowledge, this constitutes the first systematic study of 
 
hydrophobic to polar substitutions at buried positions in proteins. (2) Determination of 
the effects of pH on the thermodynamic stability of variants of SNase with His at internal 
positions. This study complements ongoing research in this laboratory on the anomalous 
properties of buried Asp, Glu, Lys, and Arg residues. The goal was to determine if His 
residues behave like Arg residues, which are charged even when buried in internal 
position1, or like Lys residues, which are usually neutral when buried2. (3) Measurement 
of the effects of global thermodynamic stability on the pKa values of an internal Lys 
residue with a highly anomalous pKa value. The goal was to examine the hypothesis that 
the probability of conformational rearrangement concomitant with ionization of a buried 
group is the most important determinant of the atypical pKa values of buried ionizable 
residues. (4) Demonstration that buried Lys residues with anomalous pKa values are 
useful to engineer proteins that act as pH sensitive switches responsive to small changes 
in pH in the physiological range. 
 
1.1 Polar and ionizable residues buried in the hydrophobic interior of a protein 
1.1.1 Serine, threonine, and tyrosine 
 Three categories of polar amino acids can be distinguished based on the identity 
of the side chain: asparagine (Asn) and glutamine (Gln) have amides, cysteine (Cys) and 
methionine (Met) have sulfur, and serine (Ser), threonine (Thr), and tyrosine (Tyr) have a 
hydroxyl group. Asn, Gln, Ser, Thr, and Tyr are very hydrophobic. In this dissertation, 
we focus exclusively on the properties of internal amino acids with hydroxyl groups on 
the side chains: Ser, Thr, and Tyr. 
 
 Polar residues are normally found at the surface of the protein where they can 
interact with water3. In general, the burial of a polar group in the hydrophobic interior of 
a protein without inclusion of a hydrogen bonding partner is destabilizing4. Polar side 
chains can mitigate the potential destabilizing consequences of being buried by forming 
hydrogen bonds to the protein backbone, other polar side chains, or internal water 
molecules. The magnitude of the destabilization of the native state related to the burial of 
polar groups can be proportional to the polarity of the amino acid. It appears that the 
dehydration cost can be counteracted if the polar residue forms hydrogen bonds to other 
nearby polar groups5,6, but this has never been examined systematically; this is one of the 
goals of this dissertation. 
 Buried polar residues are known to take on a variety of roles in biological 
processes including catalysis7,8 and cellular signal propagation9,10. In enzymes, 27% of 
the catalytic residues involve polar residues7. For example, a hydroxyl group can form 
hydrogen bonds and act as a nucleophile in chemical reactions7,8,11 or act as a site of 
covalent modification through phosphorylation12,13. Besides direct action on a substrate 
as a nucleophile, the hydroxyl group can act indirectly by activating catalytic water 
molecules, cofactors, or stabilizing the transition state7. 
  
1.1.2 Ionizable residues: Asp, Glu, Lys, Arg, and His 
 Many structural, physical, and functional properties of proteins are governed by 
acidic and basic ionizable residues. Buried ionizable residues are necessary for many 
biological processes including enzyme catalysis14–17, H+ transport and e- transfer18–21, 
ligand coordination22–27, regulation of allostery and kinetics28–30, and ion homeostasis31,32. 
 
In water, the side chains of aspartic acid (Asp) and glutamic acid (Glu) have pKa values 
of approximately 3.9 and 4.4, respectively33,34. When a carboxylic side chain is buried in 
the hydrophobic interior of a protein, their pKa values are usually shifted towards higher 
values, favoring the neutral state35,36. This shift in pKa is reflected in the pH-dependence 
of the thermodynamic stability of a protein (ΔG°H2O). 
 When ionized, surface Asp residues tend to disrupt local or global structure more 
than Glu, consistent with the stronger preference of Asp for unstructured regions of 
proteins37,38. In a survey of Asp and Glu at 25 internal positions in SNase, 4 out of 25 
Asp-containing variants were globally unfolded when the Asp residue was charged and 
only 1 of the 25 Glu-containing variants exhibited the same behavior. Similarly, 11 of the 
variants with Asp mutations showed local structural changes while only 4 of the variants 
with Glu showed the same. Presumably, the local structural changes triggered by the 
ionization of these buried residues somehow increased the solvation of the ionizable 
group. Such reorganization coupled with ionization of internal ionizable residues is 
difficult to reproduce with structure-based electrostatics calculations39. 
 The side chains of Lys, Arg, and His, in water, have pKa values of approximately 
10.4, 12, and 6.5, respectively33. When buried a hydrophobic region of a protein, Lys can 
have drastically depressed pKa value2. The pKa values of Lys residues at 25 internal 
positions in SNase ranged from 10.4 to 5.32. In contrast, a study of Arg at the same 25 
positions failed to detect any shifts in pKa value. This suggests that Arg always find a 
way to completely satisfy its hydration and hydrogen bonding potential, even when 
buried at internal position1. More recently it was shown that the pKa value of the 
guanadinium moiety of Arg in water is probably greater than 14, much higher than the 
 
value of 12 that is quoted in many textbooks40.  
The side chain of histidine has a pKa value near 6.5 in water33,41. The imidazole 
side chain is complex as it is asymmetric and has some aromatic character. In the neutral 
state, histidine has two tautomeric states. The two imidazole nitrogen atoms have 
different affinities for H+ and therefore have different pKa values42,43. Any accurate 
structure-based calculations of the pKa of a His residue must calculate the correct relative 
populations of the tautomers. These calculations are further complicated because His can 
act as both a hydrogen bond donor or acceptor25,44. An accurate model of the His side 
chain is necessary to account for the role of H-bonding in determining its pKa. The 
aromatic nature of the imidazole group allows it to interact with other aromatic or 
charged residues in parallel or orthogonal orientations through π-electron interactions25. 
Although structure-based calculations of the pKa values of Lys and Arg are far from 
simple, calculations with the His side chain remain a formidable challenge. 
 
1.2 Previous studies of internal ionizable groups in SNase 
 Most proteins that use internal ionizable residues for biological functions are large, 
complex, and unwieldy, making them too difficult to study with experimental biophysical 
methods. SNase, a small globular protein from the bacterium Staphylococcus aureus, is a 
well-characterized protein45–48 that has been used to study the molecular determinants of 
pKa values for many internal groups. SNase is a monomeric protein that is particularly 
well-behaved in equilibrium thermodynamic experiments, highly soluble and useful for 
NMR spectroscopy experiments, and relatively easy to crystallize and amenable to x-ray 
diffraction studies. It has a defined hydrophobic core which is ideal for studying the 
 
effects of burial of polar and ionizable residues. In addition, site-directed mutagenesis has 
been used to increase the thermodynamic stability of the protein from 5.4 to nearly 14 
kcal/mol, and the stability is relatively invariant from pH 4 to pH 1049. This is important 
for our studies because the goal is to measure the effects of polar and ionizable groups on 
thermodynamic stability and this would be impossible to achieve if the internal groups 
were not tolerated by the protein. SNase is an ideal protein in which to examine the 
molecular determinants of pKa values of internal ionizable residues and the cost of 
substitution of internal positions with polar and ionizable groups. 
 
1.2.1 Surface His, Asp, and Glu residues  
The properties of ionizable residues in wild type SNase have been characterized 
extensively by NMR spectroscopy. SNase contains four His residues. His-8 and His-46 
are fully exposed on the surface of the protein with pKa values measuring 6.5 and 5.9 
respectively50. His-121 and His-124 are involved in extensive hydrogen bonding 
networks and are subject to unfavorable Coulomb interactions by nearby ionizable 
groups50. The pKa values of these two histidines measured by NMR spectroscopy are 
depressed to 5.3 and 5.7, respectively. A similar set of experiments using 
multidimensional and multinuclear NMR was undertaken to examine the pKa values of 
surface Asp and Glu side chains. The pKa values of 13 of the 20 surface Asp and Glu side 
chains were depressed by at least 0.5 units and only 6 were relatively unchanged from the 
model pKa values34. There was only one residue, Asp-21, that was significantly elevated 
to a pKa of 6.5, which is highly unusual and is a result of the intricate network of 
interactions between residues in the active site of the protein34,51. 
 
1.2.2 Internal ionizable residues: Asp, Glu, Lys, and Arg 
 This laboratory previously measured pKa values for Asp, Glu, Lys, and Arg 
buried, one at a time, at 25 internal positions in SNase1,2,35,36. None of the 25 Arg-
containing variants show an appreciable shift in the pKa value (∆pKa) of the Arg, but 61 
of the 75 other variants with Lys, Glu, or Asp substitutions had measurable ∆pKa values, 
all in the direction that favored the neutral state. Compared to the normal pKa values of 
Asp, Glu, and Lys in water, the magnitude of ∆pKa ranged from 0 to 5.7 pKa units (Fig. 
1.1). Ninety three of the 100 variants tolerated the presence of an internal ionizable 
residue without major structural rearrangement determined by CD spectroscopy, however 
7 variants (Glu-92, Lys-92, Lys-100, Asp-92 Asp-99, Asp-103, Asp-104) showed global 
or nearly global unfolding coupled to the ionization of the internal group2,35,36,52.  
 The goal of those studies was to characterize the magnitude of ∆pKa and the 
impact of the buried ionizable group on the thermodynamic stability of the protein. The 
instances in which the ionization energy of the residue was greater than the global 
stability of the protein and in which the protein was unfolded leading to a breakdown of 
the protein as a dielectric material were not useful towards understanding how the 
microenvironment of an ionizable group affects its pKa. On the other hand, those variants 
provided clear evidence that conformational transitions that expose the previously buried 
ionizable group to water could affect the pKa value52. How the structure of the protein 
changes as a result of the ionization of the buried group was the focus of a subsequent 
NMR spectroscopy study53 and is an underlying motivation behind multiple chapters of 















































































































































 Of the 93 variants of SNase with internal Asp, Glu, Arg, or Lys residues that 
exhibited no large-scale structural rearrangement, 39 had local or subglobal structural 
changes of varying severity coupled with the ionization of the internal group observed by 
fluorescence and CD or NMR spectroscopy experiments. Some variants such as 
T62K52,54 displayed highly localized fluctuations while others, such as L25K52,53 and 
V104R1, exhibited wide-spread structural perturbations. One variant, L38K, undergoes 
no discernable reorganization in the crystal structure, however an artificially high 
dielectric constant (εp ~30) is needed to reproduce the experimentally determined pKa 
value implying that there is local conformational reorganization occurring55. The 
structural ensemble of the native state and other low-energy states must be incorporated 
into structure-based calculations for such algorithms to produce meaningful pKa 
predictions. 
 Crystal structures have been determined for 40 variants of SNase with internal 
ionizable residues. In all but 8, the ionizable residues are deeply buried within the protein. 
In variants with substitutions at position 72 or with substitution to Arg, the side chain has 
limited but clear access to bulk water. Variants with substitutions at position 72 
surprisingly have anomalous pKa values even though the side chain can be interfacial 
with a favorable rotameric structure with no alteration of the global structure. The Arg 
variants all display some degree of structural reorganization that aids the establishment of 
hydrogen bonds to the guanadinium moiety to protein and water molecules. These 
variants are compelling examples that the complexities of the determinants of pKa values. 
Further studies into how the structural dynamics of the protein modulate the pKa values 
of internal ionizable residues are required. 
 
1.2.3 Internal polar residues 
 In the attempt to discern some aspects of the shifted pKa value of Asp and Glu 
residues, the thermodynamic properties of 48 variants with either an internal Asn or Gln 
substitution were examined and compared to the corresponding Asp and Glu variants36. 
Asn and Gln are the non-ionizable, isosteric counterparts to Asp and Glu. They are less 
well hydrated than Asp and Glu and are involved in fewer hydrogen bonds56,57. In general, 
at low pH where the pKa of an internal Asp or Glu may not be shifted, Asp and Asn and 
Glu and Gln were quite similar. It was surprising that they were so similar given that their 
hydrogen bonding properties are distinctly different. In all cases, the substitution of an 
internal position with either Asn or Gln was destabilizing and comparable to the cost of 
burial of Lys in the neutral state. 
 
1.3 Contributions from this dissertation 
1.3.1 Thermodynamic consequences of substitution of internal positions with Ser, Thr, 
and Tyr 
 Chapter 2 of this dissertation describes the thermodynamic propterties of SNase 
variants in which 25 internal positions are substituted to Ser, Thr, and Tyr to assess the 
impact of spontaneous mutations to theses amino acids on thermodynamic stability and 
the ability of a protein to solvate these highly polar side chains. Substitutions to Ala and 
Val were also made at the same positions and compared to the variants with Ser, Thr, and 
Tyr to isolate the contributions related to the presence of a hydroxyl group. This was 
accomplished by measuring the thermodynamic stability by chemical denaturation 
monitored by intrinsic fluorescence and structural studies with circular dichroism 
 
spectroscopy and x-ray crystallography. The data and insight garnered from these studies 
will be useful for the design and benchmarking of computational methods to examine 
consequences of mutations on protein stability as well as in the field of protein 
engineering. 
 
1.3.2  Systematic survey of His residues buried in the protein interior 
 Chapter 3 presents a systematic survey of the properties of 25 internal His 
residues in SNase that complements previous studies with Asp, Glu, Lys, and Arg. The 
goal was to determine the extent to which the pKa value of His is affected when buried in 
the protein interior. Histidine was of special interest because it has a unique chemical 
structure that makes is impossible to predict a priori if it would behave like Lys or like 
Arg. Accurate structure-based calculations of His pKa values are extremely challenging 
and the intention of this study was to better understand properties such as hydrogen 
bonding and hydration by examining how His side chains behave in the 
microenvironments in the protein interior. The approach involved equilibrium 
thermodynamic measurements of protein stability by chemical denaturation monitored by 
fluorescence as well as spectroscopic and crystallographic experiments. These results will 
provide insight into important properties of His residue and help to improve existing 





1.3.3 The pKa value of an internal Lys residue is sensitive to the global thermodynamic 
stability of the protein 
 Previous work from this laboratory has shown that conformational reorganization 
coupled to the ionization of internal residues with anomalous pKa values is an important 
determinant of these pKa values2,52,53,58. The probability that partial unfolded states are 
populated is determined by the global thermodynamic stability of a protein (∆G°H2O) 
because this measures the free energy difference between folded and partially unfolded 
states. If the pKa value of an internal ionizable residue is determined by a population of 
partially or locally unfolded states where the ionizable residue makes contact with water, 
the pKa should be sensitive to changes in the global stability of the protein. For example, 
the ionization of Glu at position 23 in a highly stable background of SNase stabilizes a 
partially unfolded conformation in which two of the beta strands in the OB domain is 
released58. Because the pKa value is a population weighted average of the protein 
ensemble, the pKa value of Glu-23 shifts from 7.5 to 7.1 in a slightly less stable form of 
SNase. Chapter 4 presents a study of the thermodynamic properties of Lys-23 and Ly-36 
in 5 variants of SNase with ∆G°H2O ranging from 8.0 to 13.8 kcal/mol. The pKa values for 
Lys-23 and Lys-36 have previously been measured by means of thermodynamic linkage 
analysis as 7.3 and 7.2, respectively, in a SNase variant with ∆G°H2O of 11.8 kcal/mol. 
The results are consistent with the proposed hypothesis and demonstrate that structure-
based pKa calculations cannot correctly predict the pKa value for the proper physical 
reasons without the explicit treatments of high energy conformations that are populated in 
the conditions where the buried ionizable residue is exposed to water and becomes 
charged. 
 
1.3.4 Use of internal ionizable groups with anomalous pKa values to engineer pH 
sensitive switches active in the physiological range of pH  
 Chapters 5 and 6 present extensive experimental verification that ionizable 
residues with anomalous pKa values can be used to engineer pH sensitive switches that 
are responsive to very small changes in pH within the physiological range. Nature tends 
to encode pH switching behavior in proteins through the use of multiple ionizable 
residues with altered pKa values. This ensures resilience against spontaneous mutations 
that may remove key ionizable residues that contribute to the pH sensitivity. A rational 
and directed approach that attempts to reproduce these natural switches has turned out to 
be extremely difficult to achieve because the consequences of mutations that remove or 
alter ionizable groups can be unpredictable.  
 Other approaches towards the creation of a pH switch in the lab have relied on 
His residues and scanning libraries59. Our approach was founded on previously measured 
pKa values of internal Lys and Glu residues2,35 in SNase. To prove the concept, two 
positions in SNase were chosen to be mutated to either both Lys or Glu. We demonstrate 
that this can lead to a protein with stability that is acutely pH sensitive and unfolds near 
pH 7. The unfolding of the protein is entirely driven by the dramatic loss of stability as a 
function of pH resulting form the atypical pKa values of the chosen residues. We also 
demonstrate that such switching behavior can be engineered with different pairs of 
internal Lys residues. The ability to regulate function, structure, and stability within the 
physiological pH range, as demonstrated in this thesis, creates many new opportunities in 
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 The thermodynamic consequences of substitution of internal positions with the 
hydroxyl-bearing amino acids serine (Ser), threonine (Thr), and tyrosine (Tyr) were 
studied experimentally. This systematic study involved 75 variants of a highly stable 
form of staphylococcal nuclease with Ser, Thr, or Tyr at each of 25 internal positions. 
Thermodynamic stability measured by chemical denaturation monitored with Trp 
fluorescence showed that, on average, substitution of internal positions with Ser, Thr, or 
Tyr decreased the stability of the protein by 3.3, 3.2 and 4.5 kcal/mol, respectively. This 
is comparable to the cost of substitution of Lys, Asp, or Glu under conditions of pH 
where they are usually neutral. Comparison of the consequences of substitutions with Ser 
and Ala, or substitutions with Thr and Val, showed that on average the burial of a 
hydroxyl group destabilizes the protein by approximately 1.0 kcal/mol and the 
substitution of a methyl group with a hydroxyl by 1.2 kcal/mol. Structural consequences 
from the substitutions to Ser, Thr, or Tyr were largely undetectable in far UV-Vis spectra, 
consistent with what was observed with four representative crystal structures showing 
that the overall structure of the protein was not affected by the substitutions of 
hydrophobic to polar side chains. Only small local structural rearrangements of side 
chains near the site of substitution and the presence of internal water molecules were 
observed in the crystal structures. The destabilization of the protein by substitution of 
internal positions with Ser, Thr, or Tyr does not correlate with any structural metric, such 
as location, or identity of the original side chain.   
 
2.2 Introduction 
 The availability of extensive databases with genomic information constitutes an 
opportunity to learn to interpret mutations in genes in terms of consequences to the 
structure, stability, and the function of the proteins they encode. To this end, quantitative, 
physical insight into structural and thermodynamic consequences of substitutions, 
especially of the non-conservative substitutions that are most likely to have unpredictable 
and significant consequences, will be invaluable. These non-conservative substitutions 
are not likely to be statistically well represented in sequence databases precisely because 
they can have highly deleterious consequences. Here we report on a systematic 
examination of the thermodynamic consequences of substitution of 25 internal positions 
in a globular protein with Ser, Thr, and Tyr.  
 Previously we demonstrated that internal positions in highly stable proteins can 
be substituted with Lys, Asp, and Glu60. These buried Lys, Asp, or Glu residues 
invariably lower the thermodynamic stability of the protein because the loss of hydration 
upon burial of the polar side chains is not compensated well by contact with polar 
moieties of the protein proper or with buried water molecules2,60,61. The side chains of 
Lys, Asp, and Glu are ionizable; therefore, the thermodynamic consequence of burial of 
these residues has two components. One is pH sensitive and is related to the shift in pKa 
value experienced by the ionizable residue when buried in a hydrophobic 
environment2,60,61. This shift in pKa promotes the neutral form of the ionizable group 
thereby minimizing the energetic penalty for removing a charge from water. The second 
component is independent of pH and is related to the removal of a polar side chain (i.e. 
Glu, Asp, or Lys side chains in the neutral state) from bulk water and burial in an 
 
environment that is less polar and polarizable2,61. This component can be measured 
experimentally for Lys, Asp, and Glu by measuring thermodynamic stability under 
conditions of pH close to the normal pKa of these side chains in water (pH 10 for Lys and 
pH 4 for Asp and Glu). We have also demonstrated that the energetic consequences of 
burial of the Arg side chain cannot be decomposed into pH dependent and pH 
independent components because the normal pKa of Arg is close to 14 and the Arg side 
chain does not shift its pKa nor is it ever found in the neutral state even when buried in 
hydrophobic environments1,40,62. 
 To better understand the molecular determinants of the loss of stability related 
to burial of Lys, Asp and Glu side chains in the hydrophobic interior of a protein, we 
have now examined the cost of burying the polar residues Ser, Tyr, and Thr, all residues 
that have a side chain hydroxyl group. The polar side chains of Ser, Thr, and Tyr are 
usually found on the surface of proteins, where the polar moiety can interact with bulk 
water3. Polar residues that are partially or completely buried in the protein interior are not 
uncommon in proteins. They are usually involved in processes governed by electrostatic 
forces, such as catalysis7,8, H+ transport18,19 and e- transfer16,17. On the other hand, 
spontaneous mutations that result in the gain or loss of hydroxyl-containing amino acids, 
like Ser or Thr, have been associated with several diseases63–65. Presumably, in these 
cases, the substitution destabilizes the native state either because the removal of a polar 
group from water and burial in a hydrophobic environment is unfavorable or because 
removal of a side chain complementary to a polar pocket in the protein interior is 
unfavorable. Either way, destabilization leads to the loss of function either through 
unfolding or other structural reorganization in response to the presence of an 
 
uncompensated hydrogen bonds in the hydrophobic core. To gain insight into how buried 
polar groups enable or disable biological function it is necessary to understand how they 
affect the thermodynamic stability of the folded state. That was the main goal of this 
study. 
 Previous studies have shown that buried polar groups are likely to destabilize 
the native state. For example, to increase the thermodynamic stability of a protein, 
apoflavodoxin, internal polar groups were replaced with non-polar ones66. Other studies 
have examined the extent to which intramolecular hydrogen bonding could compensate 
for the loss of contact between a buried polar group and water. These studies showed that 
buried polar groups can be extremely destabilizing – by as much as 3 kcal/mol – when 
their hydrogen bonding potential is not satisfied by either a water molecule or nearby 
protein atoms5,6,67,68. Because of the limited nature of these studies, they do not reveal the 
general trends in the magnitude of destabilization wrought by burial of polar groups in a 
hydrophobic environment or the molecular factors that determine the magnitude of this 
effect. 
 To address these issues, we have studied a family of 75 variants of a highly 
stable form of staphylococcal nuclease (SNase), engineered by introducing of Ser, Thr, or 
Tyr at each of 25 internal positions. The thermodynamic stability of each variant was 
measured at pH 7 by chemical denaturation monitored with Trp fluorescence. Crystal 
structures of four representative proteins were obtained to examine the 
microenvironments of these internal polar residues and structural consequences of the 
substitutions with Ser, Thr or Tyr. Far UV-CD was used to examine global consequences 
on three-dimensional structure. Variants with Ala or Val at the 25 internal positions were 
 
also studied. By comparing variants with Ala or Ser, and variants with Val or Thr, it was 
possible to examine the energetic consequences of introduction of a single OH group in 
the protein interior and substitution of a CH3 with an OH. The cost of substitution with 
Asn and Gln have also been measured36. 
 Our results describe the range of destabilization associated with introduction of 
a single, uncompensated polar moiety in the protein interior. The data constitute an 
unprecedented set useful for the benchmarking of force fields and of computational 
methods for structure-based energy calculations. They will be especially useful for 
calibration of computational algorithms for studies of consequences of mutations on the 
properties of proteins. 
 
2.3 Materials and methods 
2.3.1 Proteins  
 The Stratagene Quickchange kit was used to engineer the variants, using the 
highly stable form of SNase known as ∆+PHS as the background protein. Each protein 
was expressed in E. coli BL21/DE3 cells (Invitrogen) transformed with the plasmid 
Pet24a+. Proteins were expressed and purified by the method of Shortle and Meeker69 as 
modified by Byrne et al.70 
 
2.3.2 Equilibrium thermodynamics  
 The Gibbs free energy of unfolding (∆G°H2O) was measured using the intrinsic 
fluorescence of Trp-140 to monitor unfolding, as described previously71. GdmCl 
(UltraPure grade, Invitrogen Life Technologies) was used as a denaturant, as described 
 
previously71. All measurements were performed with an ATF-105 automated fluorometer 
(Aviv Inc.) at 25°C. The protein concentration in these experiments was 50 µg/mL in a 
buffer consisting of 100 mM NaCl with 25 mM HEPES at pH 7. 
 
2.3.3 CD spectroscopy  
 An Aviv model CD-215 circular dichroism spectrophotometer was used to collect 
far-UV CD spectra. Samples consisted of 50 µg/mL protein, 100 mM KCl and 25 mM 
TrisHCl. Spectra were collected for a volume of 1 mL of protein sample in a 0.1 cm path-
length quartz cuvette at 25°C at pH 7. Measurements were taken at wavelength intervals 
of 1 nm using an averaging time of 5 s. 
 
2.3.4 X-ray crystallography  
 Variants were crystallized by the hanging drop vapor diffusion method at 4°C. 
The reservoir solution consisted of 20-45% (v/v) 2-methyl-2,4-pentanediol (MPD) and 
15% glycerol in 25 mM potassium phosphate buffer (pH 6-9). Two molar equivalents of 
the inhibitor of 3’-5’-thymidine diphosphate (pdTp) and 3 molar equivalents of CaCl2 
were added to the protein solution before it was mixed with an equal volume of reservoir 
solution. The pdTp was synthesized in our laboratory72.  
Diffraction data were collected at 100K using a Bruker Duo Apex diffractometer 
with the exception of V23S, which was collected at Brookhaven National Labs using the 
NSLS X25 beamline. Initial phasing for all structures was obtained by maximum 
likelihood-based molecular replacement method with Phaser software within the CCP4 
suite using a previously solved structure for ∆+PHS (PDB ID: 3BDC) as a search model. 
 
Prior to molecular replacement, 3BDC.pdb was modified by truncating the substituted 
amino acid for the appropriate variant to Ala, removing all water molecules, and resetting 
all B-factors to 20.0 Å2. Model building using Coot and refinement with Refmac5 were 
performed iteratively to yield the final models. R-work and R-free residuals were 
monitored throughout the refinement. Water molecules were added during model 
building to reflect spherical electron density in 2Fo-Fc maps that were within 3.5 Å of a 
hydrogen bonding partner in the protein model. Final checks of the structures were done 
using SFCHECK and PROCHECK programs. 
 
2.4 Results 
2.4.1 Thermodynamic stability 
 The hyperstable variant of SNase, ∆+PHS, was used for thermodynamic stability 
measurements. It includes the G50F, V51N, P117G, H124L, and S128A substitutions, 
and a deletion of residues 44-49. The 25 positions that were substituted with Ser, Thr, or 
Tyr are listed in Table 2.1 and shown in Figure 2.1. The thermodynamic stability 
(ΔG°H2O) of each variant was measured by chemical denaturation with GdnHCl 
monitored by intrinsic Trp-fluorescence at pH 7 (Table 2.1, Fig. 2.2) as described 
previously71. The exception was the A132Y variant because the presence of Tyr-132 
interfered with the fluorescence signal of Trp-140. For this variant, ΔG°H2O was 
monitored by circular dichroism spectroscopy at 222 nm. Changes in stability relative to 
the parent protein (ΔΔG°H2O = ΔG°H2O,variant - ∆G°H2O,∆+PHS) show that the burial of a polar 
side chain lowered the 
   
 
Table 2.1 Thermodynamic stability of SNase variants with Ser, Thr, and Tyr 




Ser Thr Tyr 
∆G°H2Ob m-valuec ∆G°H2O m-value ∆G°H2O m-value 
Internal       
G20 11.5 (0.1) 4.7 (0.1) 9.3 (0.1) 5.0 (0.1) 9.1 (0.1) 5.0 (0.1) 
V23 7.3 (0.1) 5.4 (0.1) 8.6 (0.2) 5.3 (0.1) 9.0 (0.1) 5.2 (0.1) 
L25 7.1 (0.1) 5.6 (0.1) 11.5 (0.1) 4.8 (0.1) 6.2 (0.1) 5.3 (0.1) 
F34 6.3 (0.1) 5.2 (0.1) 8.5 (0.1) 5.5 (0.1) 9.2 (0.1) 5.1 (0.1) 
L36 6.7 (0.1) 5.8 (0.1) 8.0 (0.1) 5.4 (0.1) 9.2 (0.1) 5.4 (0.1) 
L37 9.1 (0.1) 4.9 (0.1) 8.1 (0.2) 4.3 (0.1) 9.4 (0.1) 4.9 (0.1) 
L38 10.3 (0.1) 4.8 (0.1) 9.0 (0.1) 5.1 (0.1) 9.9 (0.1) 5.0 (0.1) 
V39 10.0 (0.1) 5.1 (0.1) 10.0 (0.1) 4.8 (0.1) 6.6 (0.1) 5.6 (0.1) 
T41 11.1 (0.1) 4.9 (0.1) - - 9.5 (0.2) 5.1 (0.1) 
A58 10.7 (0.1) 5.0 (0.1) 8.9 (0.1) 4.8 (0.1) 6.9 (0.1) 5.3 (0.1) 
T62 9.4 (0.1) 4.9 (0.1) - - 9.0 (0.1) 5.2 (0.1) 
V66 8.7 (0.2) 5.0 (0.1) 7.7 (0.2) 4.7 (0.1) 10.9 (0.2) 4.9 (0.1) 
I72 6.3 (0.2) 5.4 (0.1) 7.8 (0.2) 5.0 (0.1) 7.5 (0.1) 5.1 (0.1) 
V74 6.8 (0.2) 5.5 (0.1) 8.6 (0.3) 5.4 (0.2) 8.0 (0.1) 5.1 (0.1) 
A90 9.7 (0.2) 5.0 (0.1) 10.3 (0.3) 5.1 (0.1) 6.1 (0.1) 5.4 (0.1) 
Y91 6.6 (0.1) 5.7 (0.1) 7.0 (0.1) 5.1 (0.1) - - 
I92 9.1 (0.1) 4.9 (0.1) 7.3 (0.3) 5.3 (0.2) 4.7 (0.1) 5.7 (0.1) 
V99 6.1 (0.3) 4.2 (0.4) 11.0 (0.4) 5.1 (0.2) 5.0 (0.1) 5.7 (0.1) 
N100 8.9 (0.1) 5.0 (0.1) 7.3 (0.1) 5.2 (0.1) 1.3 (0.1) 3.7 (0.1) 
L103 7.2 (0.1) 4.8 (0.1) 7.7 (0.1) 5.3 (0.1) 5.5 (0.1) 5.8 (0.1) 
V104 8.6 (0.1) 5.1 (0.1) 9.7 (0.1) 5.1 (0.1) 4.3 (0.1) 5.5 (0.1) 
A109 10.5 (0.1) 5.0 (0.1) 9.6 (0.1) 5.2 (0.1) 8.1 (0.1) 5.2 (0.1) 
N118 10.8 (0.1) 4.9 (0.1) 10.2 (0.1) 4.8 (0.1) 8.2 (0.1) 5.2 (0.1) 
L125 6.6 (0.1) 5.5 (0.1) 7.3 (0.1) 5.3 (0.1) 10.3 (0.1) 4.9 (0.1) 
A132 9.6 (0.1) 5.0 (0.1) 7.7 (0.1) 5.2 (0.1) 4.7 (0.2) 4.0 (0.2) 
Average 8.6 ± 1.7 - 8.7 ± 1.3 - 7.4 ± 2.3 - 
Surface       
A60 10.6 (0.1) 4.7 (0.1) 10.9 (0.1) 4.8 (0.1) - - 
A69 10.1 (0.2) 4.9 (0.1) 9.0 (0.4) 4.9 (0.2) - - 
A112 11.2 (0.2) 4.7 (0.1) 10.9 (0.2) 4.6 (0.1) - - 
A128 10.4 (0.2) 4.9 (0.1) 9.8 (0.1) 5.1 (0.1) - - 
Average 10.5 ± 0.5 - 10.2 ± 0.9 - - - 
 
a All mutations were made in the ∆+PHS variant of SNase: ∆G°H2O = 11.9 ± 0.1 kcal/mol60, m-value = 4.9 ± 
0.1 kcal/(mol * [GdnHCl])  
b
 ∆G°H2O in kcal/mol. Error of the fit is displayed in parenthesis. 






Figure 2.1  Structural distribution of thermodynamic stability represented on the structure 
of ∆+PHS. (A) Ribbon diagram of SNase (3BDC) with 25 internal positions represented as 
spheres. Temperature map of thermodynamic stabilities (∆G°H2O) of variants with internal 
substitutions to (B) Ala, (C) Ser, (D) Thr, (E) Val, and (F) Tyr. Spheres representing substitution 
positions are colored based on ∆G°H2O ranges: white is 12-10 kcal/mol, light pink is 10-8 kcal/mol, 







Figure 2.2  Thermodynamic stabilities (∆G°H2O) of SNase variants with substitutions that 
put Ala, Ser, Thr, Tyr, or Val at each of 25 internal positions. Data are ordered be position 
number, and identified as Ala (black), Ser (dotted), Thr (grey), Tyr (checkered), and Val (white). 






stability of the native state by 0.4 to 5.8 kcal/mol (average ΔΔG°H2O,Ser -3.3 ± 1.7 
kcal/mol) for Ser substitutions, and by 0.4 to 4.9 kcal/mol (average ΔΔG°H2O,Thr -3.2 ± 1.3 
kcal/mol) for Thr substitutions (Table 2.1, Fig. 2.3). Substitution with Tyr was, on 
average, more destabilizing; ΔΔG°H2O values ranged from -1.0 to -10.8 kcal/mol and 
ΔΔG°H2O,Tyr = -4.3 ± 2.7 kcal/mol (Table 2.1, Fig. 2.3).   
Four Ala residues on the protein surface were also substituted with both Ser and 
Thr to serve as controls. Even though these positions are all water-exposed, substitution 
to either Ser or Thr was destabilizing, on average by 1.3 ± 0.5 and 1.7 ± 0.9 kcal/mol, 
respectively (Table 2.1).  
In attempts to isolate the contribution of the hydroxyl moiety to the destabilization 
of the native state, we compared the stability of variants with Ser and Thr substitutions to 
variants with Ala and Val substitutions, respectively. The thermodynamic consequences 
of the substitutions to Ala at the 21 internal positions that were not Ala in the reference 
protein were measured (Table 2.2, Fig. 2.4) as were the consequences of substitution with 
Val at the 19 that are not Val in the reference protein (Table 2.2). The Ala substitutions 
were destabilizing by 0 to 4.9 kcal/mol, with an average ΔΔG°H2O,Ala value of -2.8 ± 1.4 
kcal/mol (Table 2.2). The Val substitutions were destabilizing by -0.3 to 6.2 kcal/mol, 
with an average ΔΔG°H2O,Val value of -2.2 ± 1.7 kcal/mol (Table 2.2). At positions 41 and 
90 the substitutions with Val were not destabilizing (∆∆G°H2O,Val = 0.1 ± 0.1 kcal/mol for 
41 and ∆∆G°H2O,Val = 0.3 ± 0.1 kcal/mol for 90). 
  
 
Table 2.2 Thermodynamic stability of SNase variants with Ala and Val substitutions 
measured at 298 K in 100 mM ionic strength. 
 
 Ala Val 
Site of modificationa ∆G°H2Ob m-valuec ∆G°H2O m-value 
G20 11.7 (0.4) 4.5 (0.1) 10.2 (0.1) 5.1 (0.1) 
V23 8.6 (0.3) 4.9 (0.1) - - 
L25 8.8 (0.2) 4.8 (0.1) 10.2 (0.2) 5.1 (0.1) 
F34 8.3 (0.2) 5.1 (0.1) 10.4 (0.1) 5.0 (0.1) 
L36 8.5 (0.2) 5.3 (0.1) 8.6 (0.2) 5.2 (0.1) 
L37 10.3 (0.1) 4.7 (0.1) 10.1 (0.3) 4.6 (0.1) 
L38 10.6 (0.2) 4.6 (0.1) 8.4 (0.1) 5.0 (0.1) 
V39 10.1 (0.1) 5.0 (0.1) - - 
T41 11.9 (0.2) 4.7 (0.1) 12.2 (0.2) 4.8 (0.1) 
A58 - - 9.8 (0.2) 5.0 (0.1) 
T62 10.2 (0.1) 5.0 (0.1) 11.8 (0.1) 4.7 (0.1) 
V66 8.8 (0.2) 4.7 (0.1) - - 
I72 7.0 (0.2) 5.4 (0.2) 10.5 (0.1) 5.1 (0.1) 
V74 8.6 (0.3) 5.1 (0.2) - - 
A90 - - 12.0 (0.1) 4.7 (0.1) 
Y91 7.0 (0.1) 5.2 (0.1) 7.3 (0.1) 5.0 (0.1) 
I92 7.8 (0.3) 5.2 (0.2) 11.2 (0.1) 4.9 (0.1) 
V99 9.2 (0.7) 5.5 (0.4) - - 
N100 8.2 (0.1) 4.9 (0.1) 5.7 (0.1) 4.9 (0.1) 
L103 7.9 (0.1) 5.3 (0.1) 9.8 (0.1) 4.9 (0.1) 
V104 9.9 (0.2) 4.9 (0.1) - - 
A109 - - 8.4 (0.1) 5.2 (0.1) 
N118 10.4 (0.2) 4.9 (0.1) 9.9 (0.1) 4.9 (0.1) 
L125 7.9 (0.1) 5.2 (0.1) 9.5 (0.1) 5.0 (0.1) 
A132 - - 8.0 (0.1) 5.2 (0.1) 
Average 9.1 ± 1.4 - 9.7 ± 1.7 - 
 
a All mutations were made in the ∆+PHS variant of SNase: ∆G°H2O = 11.9±0.1 kcal/mol60, 
m-value = 4.9 ± 0.1 kcal/(mol * [GdnHCl])  
b
 ∆G°H2O in kcal/mol. Error of the fit is displayed in parenthesis. 







Figure 2.3  Average thermodynamic destabilization (ΔΔG°H2O = ΔG°H2O,variant - ∆G°H2O,∆+PHS) 
for substitution at 25 internal positions in SNase with Ala, Ser, Thr, Val, and Tyr. 
Substitution positions are binned according to secondary structural elements: overall (white), β-







Figure 2.4  Contributions from methyl and hydroxyl groups to the thermodynamic stability 
of a protein. Thermodynamic consequences from addition of a methyl (black) (∆G°Thr - ∆G°Ser), 
from addition of a hydroxyl (white) (∆G°Ser - ∆G°Ala), and from substitution of a methyl for a 
hydroxyl (grey) (∆G°Val - ∆G°Thr) at 25 internal positions in SNase. A positive ∆∆G° value 




2.4.2 CD spectroscopy  
 To examine how the global structure of the protein was affected by the 
substitution with Ser, Thr, Val, and Tyr, far-UV CD spectra were measured for the 
variants with internal Ser, Thr, Val, or Tyr substitution and compared to the parent 
protein (Fig. 2.5). Twenty-four of the 25 variants with any one of these four amino acids 
had spectra are comparable to the parent protein. These proteins appear to be fully folded. 
Only spectra of variants with substitutions at position 91, which is Tyr in the original 
protein, showed major deviations from that of the parent protein. In all three cases there 
was an increase in signal intensity at 208 nm accompanied by a decrease in signal 222 nm, 
which is reversed in the parent protein spectrum. This is not unique to substitutions with 
Ser, Thr, or Val, and has been observed in every other variant of ∆+PHS regardless of the 
amino acid substituted at this position36,60,73. 
 
2.4.3 Crystal structures  
 To establish that the hydroxyl groups are buried, to characterize the 
microenvironment of the polar side chains, and the potential of structural rearrangements 
associated with the substitutions, crystal structures for variants with substitutions at V23S, 
L25Y, I92S, and I92T were refined to a resolution of 1.6 Å, 2.1 Å, 1.8 Å and 1.9 Å 
respectively (Fig. 2.6, Fig. 2.7, Table A1). The crystal structures for all four variants were 
comparable to the structure of the parent protein (PDB ID: 3BDC), with Cα RMSD of 
0.2 Å relative to 3BDC.  
 In the crystal structure of the V23S variant, the Ser side chain clearly resides 






Figure 2.5  Far-UV CD spectroscopy of internal polar variants. Secondary structure measured 
by far-UV CD spectroscopy for variants of SNase with internal positions substituted with Ser (A), 
Thr (B), Tyr (C), and Val (D). Four types of CD spectra are shown in each panel: ∆+PHS SNase 
(black), unfolded T62 variant of the wild type (red), single substitutions (grey), variants with 





sequestered from bulk solvent and resides in the microcavity in this region of SNase. The 
hydroxyl group points towards β-strand 1 and its sole potential hydrogen bonding partner 
is an internal water molecule 2.8 Å away, lodged between helix 1 and β-strand 1. This 
water molecule was not observed in the parent ∆+PHS structure, suggesting that it was 
stabilized in its position by a hydrogen bond with Ser-23.  
 In the crystal structure of the variant with the L25Y substitution the side chain of 
the Tyr-25 was fully internal. Its hydroxyl group points towards helix 1. A water 
molecule that was not detected in the structure of the parent protein was observed inside 
the β-barrel near β-strands 2 and 3. However, this water molecule was 5.3 Å away from 
the hydroxyl oxygen, too far to hydrogen bond with the Tyr. There are no potential 
hydrogen bonding partners within 5 Å of the hydroxyl group on the Tyr. 
 The side chain of Ser-92 is fully internal and overlays well with the Cβ and Cγ2 
atoms of Ile-92 in the structure of the parent protein, ∆+PHS. There are no potential 
hydrogen bonding partners present within 5 Å of the Oγ of Ser-92. Similarly, the side 
chain of Thr-92 is internal and overlays well with the Cβ, Cγ1, and Cγ2 atoms of Ile-92 
in ∆+PHS. There are no visible water molecules in this crystal structure with no other 
potential hydrogen bonding partners within 5 Å of the Oγ1 atom on Thr-92. 
 
2.5 DISCUSSION  
2.5.1 Variability in response at 25 internal positions  
 The virtue of studying thermodynamic consequences of substitutions 
systematically, at 25 internal positions in the same protein, is that it reveals the wide 
variability of response to the substitutions, the difficulty in correlating observed behavior 
 
with any available structural metric, and the perils of over-interpreting measurements of 
single positions or average values. This systematic study reveals clearly that even in the 
same protein, at two deeply buried positions, substitutions of the same type can have very 
different consequences (i.e. V66Y and I92Y). Even in cases where contributions from the 
unfolded state can be eliminated by comparing only the substitutions at positions that 
have the same residue in the parent protein (i.e. L25, L36, L37, L38, L103, L125), 
substitution to the same type of residue (e.g., Ser) can have very different consequences. 
The thermodynamic consequences of the substitutions at the 25 internal positions are 
governed by a complex mixture of factors: differences in side chain conformational 
entropy, hydrogen bonding patterns, van der Waals interactions and packing, and the 
extent to which water penetration is promoted. Even with this extensive data set it is 
impossible to parse out these effects. Future computational studies should focus on 
reproducing the distribution of response illustrated by the data in Tables 2.1 and 2.2. 
 
2.5.2 Differential properties of surface and internal positions 
 Since polar moieties are more favorable in polar environments such as water, 
mutations that introduce Ser, Thr, or Tyr at the protein-water interface are expected to 
affect the stability of the folded state less than mutations that introduce them in the 
interior. Previous studies68,70 have examined mutations from surface nonpolar residues to 
Ser or Thr and reported ∆∆G°H2O values ranging from +0.2 to -4.8 kcal/mol with an 
approximate average of -2 kcal/mol. The mutations reported here at surface positions 
where an Ala residue was substituted with a Ser or Thr residue have an average 
destabilizing effect of 1.3 kcal/mol and 1.7 kcal/mol, respectively, which is well within 
 
the scope of previously reported values. The variation in the magnitude of protein 
destabilization from even these seemingly small substitutions indicates that even if the 
hydroxyl group is well hydrated, other factors such as loss of side chain entropy, 
differences in hydrogen bonding interactions, and perturbation to van der Waals 
interactions, can make a significant difference. The four Ala→Ser and Ala→Thr 
substitutions at internal positions are 0.5 kcal/mol and 1.1 kcal/mol more destabilizing 
than equivalent substitutions at surface positions. This is not surprising as burial of the 
side chain will decrease side chain conformational entropy and hydrogen bonding. The 
variation between different types of substitutions at the internal sites is greater than these 
differences between surface and internal Ala→Ser and Ala→Thr substitutions. 
 
2.5.3 Comparison with internal, neutral Lys and Glu  
 The average cost of substituting these 25 internal positions with Lys at high pH 
where the Lys residues in water are neutral is -4.1 kcal/mol. This is the cost of 
substituting the internal positions with neutral Lys. This value represents the global 
thermodynamic consequence of removal of a Lys side chain from water and burial into 
the protein interior. Similarly, the cost of burying Glu at low pH where it is normally in 
the neutral state, is -3.8 kcal/mol. These value can now be compared with the 
thermodynamic cost of substituting the 25 internal positions at pH 7 with Tyr, Ser, and 
Thr, which were -4.1 ± 1.9 kcal/mol, -3.3 ± 1.7 kcal/mol and -3.2 ± 1.3 kcal/mol, 
respectively (Fig. 8). Although the error bars are large because the spread of values is 






Figure 2.8  Comparison of ∆∆G°H2O of polar and neutral ionizable substitutions. Distribution 
of thermodynamic effects of substitutions to polar or ionizable residues at 25 internal positions in 
SNase. All values were recorded at pH 7 except Lys (pH 10) and Glu (pH 4). Outlier is 




more easily in the hydrophobic interior of SNase that the bulkier Glu, Lys, or Tyr side 
chains. On the other hand, the destabilizing consequences of substitution of internal 
positions with Lys and Tyr appear to be comparable in this respect, and these side chains 
have very different properties.  
 
2.5.4 Structural correlates of destabilization  
 In the case of variants with internal ionizable groups, the shift in pKa values can 
be used as a diagnostic for burial in the hydrophobic interior of the protein. In several 
dozen SNase variants with internal Lys, Asp, and Glu, the expectation that the side chain 
of the residue introduced at an internal position is buried has been confirmed by crystal 
structures. In the case of these variants with internal Ser, Thr, or Tyr, the four structures 
that were determined confirm that, as expected, the side chains of Ser-23, Tyr-25, Ser-92 
and Thr-92 are internal. On the other hand, these structures have little information about 
the molecular determinants of the thermodynamic consequence of substitution of 
introduction of polar residues by substitution at these internal positions. The structure 
with Ser-23 suggests that water penetration can ameliorate the thermodynamic 
consequence of burying a polar group, but internal water molecules were observed only 
in the structure of the variant of Ser-23, and the presence or absence of internal water 
molecules does not track with the magnitude of the effects of the V23S substitution on 
stability.   
 It is well known that the 20 amino acids differ in their propensities to be found in 
the different elements of secondary structure. In a recent statistical analysis of structures 
in the protein data bank74, Tyr was shown to strongly favor β-strand conformations while 
 
Ser favors random coil conformations. Thr appears to have an equal preference for β-
strand and random coil elements. In the context of mutations to all polar side chains, 
some studies have seen no clear patterns between change in ∆G°H2O and placement of the 
substitutions on different elements of secondary structure70, while others saw that 
mutations with an increased hydrophilic nature were less destabilizing in coil regions 
than α-helix or β-strand regions75.  
 The ∆∆G°H2O values for the variants with internal Ser, Thr, and Tyr were 
organized according to the type of elements of secondary structure where the substitution 
was made (Fig. 2.3). The internal positions 20, 37-41, and 109-118 correspond to coil, 
positions 58-66, 99-104, and 125-132 are helical, and 23-26 and 72-92 are β-strand. As 
expected, Ser was less destabilizing in coil regions, where its destabilizing effects were 
small compared to what they were in both α-helix or β-strand regions. In contrast, neither 
Thr nor Tyr showed a significant difference between the three structural regions 
considered, only a slight, roughly 1 kcal/mol difference in average ∆G°H2O favoring 
random coil. It is likely that the large size and aromatic nature of the Tyr side chain and 
the β-branched and more hydrophobic nature of the Thr side chain are complicating 
factors in this analysis. 
 The positions surrounding the β-barrel that define the hydrophobic core of SNase 
were amongst the ones that were most destabilizing when mutated to Ser, Thr, or Tyr. 
This cluster of positions was identified by Shortle et al. as corresponding to the main 
hydrophobic core of SNase76. This analysis involved the comparison of normalized m-
values in single Ala and Gly variants. By applying the same analysis and classification 
for m- (≤ 0.95), m0, and m+ (≥ 1.05) mutants to the set of Ser, Thr, and Tyr variants 
 
(Table 2.1), the m+ mutants clustered in the same positions in the β-barrel region 
identified previously by Shortle. This observation is in line with what has previously been 
reported76,77. All this suggests that, despite the more strongly destabilizing nature of 
substitutions of internal positions, the overall response of the protein follows the same 
pattern observed previously in saturation mutagenesis studies with Ala and Gly. 
 
2.5.5 Thermodynamic consequences of burying an OH group 
  To determine the thermodynamic consequences of introducing a hydroxyl group 
in the relatively hydrophobic interior of SNase, ∆∆GOH = (∆GSer - ∆GAla) was calculated 
at each position. The addition of a single hydroxyl group is, on average, destabilizing by 
1.0 ± 1.0 kcal/mol (Table 2.3), with three notable exceptions. Positions 92, 100 and 118 
are all more tolerant of a Ser than of an Ala. It is important to note here that positions 100 
and 118 are both Asn in the unaltered sequence and participate in hydrogen bonds. 
Position 92 will be discussed below in detail.  
 A similar analysis was performed to determine both the cost of adding a methyl 
group (∆∆GMe = ∆GThr - ∆GSer) and the substitution of a methyl for a hydroxyl 
(∆∆GMe→OH = ∆GThr - ∆GVal) (Table 2.3). Overall, the addition of a methyl group was 
stabilizing by 0.4 ± 1.9 kcal/mol. In the β-barrel, which is well packed and where an 
increase in van der Waals interactions was expected, the addition of the methyl group 
increased the stability by 1.3 ± 1.6 kcal/mol. In coiled regions, which are heavily 




Table 2.3  Thermodynamic consequences of hydroxyl burial, methyl incorporation, or 
methyl-hydroxyl substitution. 
 
 Ser - Ala Thr - Ser Thr – Val 
Position ∆∆G°H2O ∆∆G°H2O ∆∆G°H2O 
20 -0.2 (0.4) -2.2 (0.1) -0.9 (0.1) 
23 -1.3 (0.2) 1.3 (0.2) -3.3 (0.2) 
25 -1.7 (0.2) 4.4 (0.2) 1.3 (0.1) 
34 -2.0 (0.2) 2.2 (0.1) -1.9 (0.1) 
36 -1.8 (0.2) 1.3 (0.2) -0.6 (0.1) 
37 -1.2 (0.1) -1.0 (0.5) -2.0 (0.1) 
38 -0.3 (0.2) -1.3 (0.1) 0.6 (0.1) 
39 -0.1 (0.1) 0.0 (0.1) -1.9 (0.1) 
41 -0.8 (0.2) 0.8 (0.2) -0.3 (0.1) 
58 -1.2 (0.1) -1.8 (0.2) -0.9 (0.1) 
62 -0.8 (0.1) 2.5 (0.1) 0.1 (0.1) 
66 -0.1 (0.3) -1.0 (0.2) -4.2 (0.1) 
72 -0.7 (0.3) 1.5 (0.2) -2.7 (0.1) 
74 -1.8 (0.4) 1.8 (0.3) -3.3 (0.1) 
90 -2.2 (0.2) 0.6 (0.3) -1.7 (0.1) 
91 -0.4 (0.1) 0.4 (0.1) -0.3 (0.1) 
92 1.3 (0.3) -1.8 (0.3) -3.9 (0.1) 
99 -3.1 (0.8) 4.7 (0.54 -0.9 (0.1) 
100 0.7 (0.1) -1.6 (0.1) 1.6 (0.1) 
103 -0.7 (0.1) 0.5 (0.1) -2.1 (0.1) 
104 -1.3 (0.1) 1.1 (0.1) -2.2 (0.1) 
109 -1.4 (0.1) -0.9 (0.1) 1.2 (0.1) 
118 0.4 (0.2) -0.6 (0.1) 0.3 (0.1) 
125 -1.3 (0.1) 0.7 (0.1) -2.2 (0.1) 
132 -2.3 (0.1) -1.9 (0.1) -0.3 (0.1) 
Avg. -1.0 ± 1.0 0.4 ± 1.9 -1.2 ± 1.6 
  
 
 The difference in stabilities of Thr and Val mutations (∆∆GMe→OH) is 
destabilizing by 1.2 ± 1.6 kcal/mol and agrees with most of the ∆∆GOH values in a 
positional comparison. Positions 100 and 118 are more stable with Thr than with Val, 
which reinforces the suggestion that positions that have been evolutionarily selected for 
polar amino acids are stabilized by the presence of hydroxyl groups68.  
 Although the addition of new atoms when a hydroxyl group is introduced or when 
a methyl group is substituted for a hydroxyl are by and large comparable at most 
positions, some positions are sensitive to small differences. For example, position 25 is 
destabilized by 1.7 kcal/mol when a hydroxyl group is added yet is stabilized by 1.3 
kcal/mol when a methyl group is replaced by a hydroxyl. A similar pattern is seen with 
position 109. However, position 92 shows the opposite behavior. The protein is stabilized 
by 1.3 kcal/mol when a hydroxyl group is added at this position and it is destabilized by 
3.9 kcal/mol when a methyl was switched for a hydroxyl group. Based on the 
crystallographic data for position 92, the side chain of the Ser can potentially make a 
hydrogen bond with a nearby backbone carbonyl while the side chain of the Thr has no 
potential hydrogen bonding partners available to form a similar interaction. These results 
agree with previous studies suggesting that hydrogen bonding in an internal position can 
be sufficient to compensate for the destabilizing effect of side chain dehydration5,6,78. 
 
2.6 Conclusions 
Substitution of internal, nonpolar residues in a protein with Ser, Thr, or Tyr 
destabilized the native state. The average magnitude of the effect is comparable to what 
was observed previously when buried Lys or Glu were introduced in the neutral states. 
 
No distinguishable pattern can be detected that suggests that some polar moieties are 
easier or harder to accommodate in the protein interior. The consequences of the effects 
of the different types of polar side chains is different from position to position, suggesting 
that the magnitude of the effects are governed by a variety of factors that must include 
side chain entropy effects, van der Waals interactions and hydrogen bonding. 
Despite the lack of simple structural or thermodynamic rules to interpret the data that 
were measured, the data set does contribute significant insight into the magnitude of 
nonconservative mutations that incorporate polar residues in the hydrophobic interior of 
the protein. The effects are not as dramatic as what has been observed when ionizable 
groups are buried in the hydrophobic interior of the protein, but they are significant 
enough to warrant special consideration in computational algorithms designed to explain 











3.1 Abstract  
Ionizable residues buried in the hydrophobic interior of proteins are essential for function. 
Their properties can be highly anomalous and they are poorly understood. The pKa value 
of Lys residues buried in 25 internal locations in staphylococcal nuclease (SNase) were 
measured previously and some were shown to be as low as 6. In contrast the pKa values 
of Arg side chains buried at these same internal locations were unaffected; Arg remains 
charged over a wide range of pH values even if buried in hydrophobic environments. 
Given the asymmetry, aromaticity, delocalized charge, and multiple tautomeric states of 
the imidazole group, His could in principle behave in a dehydrated environment more 
like Arg than like Lys. This was examined by measuring the pH dependence of the 
thermodynamic stability of variants of SNase with His residues buried at 25 internal 
locations. These data showed that the pKa values of buried His residues are sensitive to 
their microenvironment and that they are depressed. Crystal structures of 8 variants 
showed that the His side chains are buried, that they can coexist with a strictly 
hydrophobic microenvironment, but that they will hydrogen bond when this is a 
possibility. The data suggest that His residues buried in dehydrated environments in 
proteins behave more like Lys than like Arg. Studies are on going to examine what 




Ionizable residues buried in the hydrophobic interior of proteins can have highly 
anomalous and unpredictable properties that are essential for their biological functions. 
 
Lysine residues sequestered in the protein interior can have depressed pKa values that 
allow them to exist primarily in the neutral state near physiological pH and to participate 
as H+ donors/acceptors in enzymatic catalysis2,60,79. The pKa values of buried Asp and 
Glu residues shift in the opposite direction and can be as high as 1060,61. These 
anomalously high pKa values are necessary for H+ pumping in proteins such as 
bacteriorhodopsin80,81, cytochrome c oxidase20,82, and ATP synthase19,83. Arg is very 
different from Lys, Asp, and Glu. It retains its charge even when buried in the 
hydrophobic environment inside a membrane bilayer62 or in the interior protein1. Arg is 
used in nature when a residue must remain charged even when removed from water, for 
example in bacteriorhodopsin84, ATP synthase85, and the voltage sensing paddle in the K+ 
channel62.  
The properties of histidine residues when buried in the hydrophobic interior of 
proteins are not known. Histidine is of special interest because it is required for many 
biological processes, in coordination of ligands, metals and cofactors22–27, and in 
catalysis7,86,87. Histidine is involved in the pH sensing mechanisms, for example, in the 
regulation of opening and closing the M2 proton channel in the influenza A virus31,88, of 
the oxygen binding properties of hemoglobin26, and in the activation of the influenza 
virus89.  
The versatile His residue is of special interest to the biomedical field as it is the 
ionizable residue that usually has a pKa value within the physiological pH range. It 
participates in a wide variety of biological processes because of its rich chemistry. 
Besides being both polar and aromatic, it can participate in ion pairs8, π-electron 
interactions25, and as an acceptor or donor of H bonds90. Owing to the asymmetry of the 
 
imidazole side chain the two nitrogen atoms have different proton affinities33,91; the 
observed pKa of the His side chain can involve contributions from two different 
tautomeric states43.  
In contrast to Lys, Arg, Asp, and Glu, which are found predominantly at the 
protein-water interface where they are hydrated by bulk water, His residues are often 
sequestered from bulk water92. It is not known whether in its response to burial in the 
protein interior, His behaves like Arg, which can be buried in hydrophobic environments 
while fully charged, or like Lys, Asp, and Glu, which acquire anomalous pKa such that 
they are buried in the neutral state to minimize the energetic penalty from dehydration. In 
principle, the delocalization of charge in the aromatic imidazole ring, van der Waals, π-
electron interactions, and its ability to act as either hydrogen bond donor or acceptor 
could compensate for loss of contact with water. The matter is further complicated by the 
intrinsic difficulties with structure-based calculations of histidine pKa values. These 
calculations are not yet sufficiently accurate to allow a meaningful dissection of the 
different factors that could affect the pKa values of histidine residues in the complex 
microenvironments in the protein interior93,94. 
The histidine side chain has received considerable attention. NMR spectroscopy 
has been used for accurate and precise measurement of pKa values23,95,96. Surveys of His 
pKa values do not reveal general trends, especially concerning the properties of histidine 
residues buried in the protein interior90,97. It is well understood that the pKa of His is 
affected by anything that affects the contributions from its different tautomeric states, but 
the factors that affect the tautomeric states are themselves not well understood33,43.  
We have now examined properties of 25 internal His residues in a highly stable 
 
form of staphylococcal nuclease (SNase). These His residues were buried in SNase by 
mutagenic substitution at internal positions. The properties of Lys, Glu, and Arg buried at 
these 25 positions were studied previously1,2,61. The thermodynamic stability of the 25 
His containing variants was measured by chemical denaturation at pH 5 and 7 to 
determine if the pKa of the His was depressed relative to its normal value in water. 
Circular dichroism and NMR spectroscopy were used to identify any structural 
perturbations related to substitution of an internal position with His, and in some cases, 
the tautomeric and protonation state of the internal His was determined. Crystal structures 
were determined for some variants to examine the microenvironments of the buried His 
side chain. The acid unfolding of the proteins precluded determination of the pKa of the 
buried His residues but the data demonstrate that the pKa values of His residues are 
depressed when their side chains are buried in a hydrophobic environment. The results 
contribute significant insight into the role of hydration as an important determinant of the 
pKa of the His residue. The data set that emerged from this study should serve as an 
essential benchmark for calibration of structure-based pKa calculations. 
 
3.3 Materials and methods 
3.3.1 Proteins 
 The Stratagene Quickchange kit was used to engineer the variants, using the 
highly stable form of SNase known as ∆+PHS as the background protein. Each protein 
was expressed in E. coli BL21/DE3 cells (Invitrogen) transformed with the plasmid 
Pet24a+. Proteins were expressed and purified by the method of Shortle and Meeker69 as 
modified by Byrne et al.70 
 
3.3.2 Measurement of ∆Gº by chemical denaturation 
 The Gibbs free energy of unfolding (∆G°H2O) was measured using the intrinsic 
fluorescence of Trp-140 to monitor unfolding, as described previously71. The far-UV 
signal at 222 nm was used for His-132 variant. GdmCl (UltraPure grade, Invitrogen Life 
Technologies) was used as a denaturant, as described previously71. All measurements 
were performed with an ATF-105 automated fluorometer (Aviv Inc.) at 25°C. The protein 
concentration in these experiments was 50 µg/mL in a buffer consisting of 100 mM NaCl 
with 25 mM HEPES at pH 7 or 25 mM MES at pH 5.  
 
3.3.3 Far-UV CD Spectra 
 An Aviv model CD-420 circular dichroism spectrophotometer was used to collect 
far-UV CD spectra. Samples consisted of 50 µg/mL protein, 100 mM KCl and either 25 
mM TrisHCl. (pH7) or 25 mM KAc (pH5). Spectra were collected for a volume of 1 mL 
of protein sample in a 0.1 cm path-length quartz cuvette at 25 °C. Measurements were 
taken at wavelength intervals of 1 nm using an averaging time of 3 s. 
 
3.3.4 NMR spectroscopy. 
 15N-labeled protein samples in deionized, distilled water was exchanged into 
100% D2O buffer containing 25 mM sodium phosphate, 100 mM sodium chloride in 
Centricon YM-10 (Millipore, Billerica, MA) filter concentrators. Samples were diluted in 
buffer to yield a final concentration of 1 mM. The pH was measured for the sample 
(without correction for isotope effects) with an Orion Research model 720A pH meter 
using a 3 mm glass combination electrode (Mettler Toledo, Columbus, OH). Adjustment 
 
of the sample pH was done using 1µL aliquots of concentrated DCl or NaOD at 5 °C. 
Data were collected at 298 K on a Bruker Avance II-600 equipped with a cryoprobe. 
Initial conversion and processing of the data was done using NMRPipe98 and analyzed 
with Sparky99 . 
  
3.3.5 X-ray crystallography.   
 The proteins were crystallized using the hanging drop vapor diffusion method. 
The reservoir solution contained 2-methyl-2,4-pentanedio (MPD) (Sigma-Aldrich Corp.) 
and 25 mM potassium phosphate. Proteins were mixed in a 1:1 ratio with reservoir 
solutions before suspension and incubation at 4°C. For the V23H, L25H, L36H, T62H, 
V66H, I92H variants, the protein was pre-incubated with 3’-5’-thymidine diphosphate 
(pdTp) and calcium chloride in a 1:2:3 ratio before mixing with the reservoir solution. 
For the I72H and Y91H variants, the ratio used was 1:1:2. 
 Diffraction data were collected at conditions describe in Table A2. Initial phasing 
for all structures was obtained by maximum likelihood-based molecular replacement 
method with Phaser software within the CCP4 suite using a previously solved structure 
for ∆+PHS (PDB ID: 3BDC) as a search model. Prior to molecular replacement, 
3BDC.pdb was modified by truncating the substituted amino acid for the appropriate 
variant to Ala, removing all water molecules, and resetting all B-factors to 20.0 Å2. 
Model building using Coot and refinement with Refmac5 were performed iteratively to 
yield the final models. R-work and R-free residuals were monitored throughout the 
refinement. Water molecules were added during model building to reflect spherical 
electron density in 2Fo-Fc maps that were within 3.5 Å of a hydrogen bonding partner in 
 




3.4.1 Thermodynamic stability 
 The thermodynamic stability, ΔG°H2O, for the 25 His-containing variants was 
determined at pH 7 and pH 5 by chemical denaturation with guanidinium hydrochloride 
(Table 3.1 and Fig. 3.1). Titration curves for 24 of the 25 variants were obtained by 
monitoring by intrinsic fluorescence of Trp-140, which has shown to be a robust reporter 
of global structure of SNase49,100,101. In the case of His-132, the proximity of the residue 
to Trp-140 in the native conformation interfered with the fluorescent signal. For this 
variant, the far-UV CD signal at 222 nm was used monitor unfolding instead. All 
unfolding curves of the 25 variants displayed apparent two-state behavior and were 
analyzed accordingly with a two-state linear extrapolation model102.  
 The consequences of His substitutions on thermodynamic stability at each pH was 
obtained by subtracting the ∆G°H2O of the parent protein from the ∆G°H2O of the His-
containing variant: ∆∆G°H2O = ΔG°H2O,His – ΔG°H2O,Δ+PHS (Table 3.1). Under all conditions 
studied, the His-containing variants are less stable than the parent protein. At pH 7, where 
the His is assumed to be neutral, the ∆∆G°H2O ranged from -1.2 to -7.3 kcal/mol with an 
average ∆∆G°H2O of -4.7 ± 1.8 kcal/mol. There are no obvious structural metrics that 
correlate with the effects of the substitutions with His on thermodynamic stability. It does 
not correlate with what the original amino acid was at the internal location or with the  
 
Table 3.1  Thermodynamic stability of variants of SNase with His residues at internal 
positions. All variants were made using the ∆+PHS form of SNase as background  
 
 ∆G°H2O (kcal/mol)
1 ∆∆G°H2O2   
Position pH 5 pH 7 pH 9 pH 5 pH 7 pH 9 Slope3 pHmid5 
∆+PHS 11.8 11.9 11.5 - - - - 2.2 



















F34 4.8 6.5 6.2 -7.0 -5.4 -5.3 -0.8 3.8 
L36 5.2 7.1 6.9 -6.6 -4.8 -4.6 -0.9 3.8 
L37 8.1 9.5 9.5 -3.7 -2.4 -2.0 -0.7 3.0 
L38 10.1 10.7 10.6 -1.7 -1.2 -0.9 -0.3 2.4 
V39 3.9 5.7 5.6 -7.9 -6.2 -5.9 -0.9 3.8 
T41 8.7 9.2 9.1 -3.1 -2.7 -2.4 -0.2 2.9 
A58 4.9 6.6 6.3 -6.9 -5.3 -5.2 -0.8 3.7 
T62 7.8 9.5 - -4.0 -2.4 - -0.8 3.2 
V66 6.9 7.8 - -4.9 -4.1 - -0.4 3.4 
I72 6.5 8.9 - -5.3 -3.0 - -1.2 3.3 
I74 4.1 6.1 - -7.7 -5.8 - -1.0 3.9 
A90 3.5 5.3 - -8.3 -6.6 - -0.9 3.9 
Y91 5.7 6.7 - -6.1 -5.2 - -0.5 3.6 
I92 3.4 5.4 - -8.4 -6.5 - -1.0 4.0 
V99 5.9 7.3 - -5.9 -4.6 - -0.7 3.6 
N100 3.9 5.3 - -7.9 -6.6 - -0.7 4.0 
L103 3.8 5.2 - -8.0 -6.7 - -0.7 4.0 
V104 5.1 6.6 - -6.7 -5.3 - -0.7 3.6 
A109 5.2 5.6 - -6.6 -6.3 - -0.2 3.5 
N118 10.3 10.6 - -1.5 -1.3 - -0.1 2.4 
L125 6.3 7.1 - -5.5 -4.8 - -0.4 3.6 
A132 4.34 4.64 - -7.5 -7.3 - -0.1 - 
 
1 Data collected by chemical denaturation with GdnHCl monitored by Trp fluorescence at 25 °C 
in 100 mM KCl and 25 mM buffer. All ∆G°H2O errors are 0.1. 
2 ∆∆G°H2O = (∆G°H2O,His - ∆G°H2O,∆+PHS) 
3 (∆∆GpH7 - ∆∆GpH5)/2 
4 Data collected by monitoring CD signal 






Figure 3.1  Thermodynamic stability of His variants at pH 5 and 7. Thermodynamic 
stability of His-containing variants (white) and ∆+PHS (grey) at pH 5 (top) and pH 7 
(bottom). Error bars depict fit errors. The average stability of the His-containing variants 




location in the protein. If the effects of stability are grouped in terms of structural element, 
what emerges is that the substitution with His is less destabilizing in loops than in β-
strands or α-helices (Table 3.2). 
 
3.4.2 Acid unfolding profiles 
 The acid unfolding monitored by Trp fluorescence for 24 of the 25 variants is 
shown in Figure 3.2. The midpoints of unfolding are included in Table 3.1. All the 
variants unfold at a pH higher than the parent protein, consistent with the decrease in 
thermodynamic stability at pH 7. NMR spectroscopy has been used extensively to 
measure pKa values of histidine residues103–105. The reason NMR spectroscopy was not 
used to determine the pKa values of the 25 internal His residues in SNase was that data on 
the pH dependence of stability described ahead suggested that the protein would unfold 
before the acid limit of the titration could be recorded, preempting the possibility of 
obtaining titration data from which pKa values could be resolved accurately. 
 
3.4.3 Ionization state of His residues 
 Linkage analysis of the pH dependence of ∆∆G°H2O measurements can be used to 
determine the apparent pKa of the buried His residues1,49,60. If the pKa of the internal His 
were depressed relative to its normal pKa in water (~6-6.5), then the ∆∆G°H2O will 
decrease as the pH is lowered below the pH corresponding to the pKa in water (Fig. 3.3).  
 The ∆∆G°H2O will decrease at a rate of 1.36 kcal/mol for every unit shift in pKa. 
Note that whereas the stability of the parent protein is insensitive to pH between pH 7 and  
  
 
Table 3.2  Thermodynamic stability of His variants grouped by secondary structure. 
Average thermodynamic stability of SNase variants with His residues at internal 







1 Errors given are standard deviations 








Figure 3.2  Acid unfolding of 25 His variants. Acid unfolding profiles monitored by Trp 







Figure 3.3  Simulations of the pH dependent component of thermodynamic stability of a His 
containing variant relative to the background protein (∆∆G°H2O). These curves reflect how 
the stability would change as the pH decreases from an arbitrary reference ∆G°H2O at pH 9. The 
different colors represent curves calculated with shifts in pKa (∆pKa) of different magnitude: ∆pKa 
= 0 (red), ∆pKa = 1 (orange), ∆pKa = 2 (yellow), ∆pKa = 3 (green), and ∆pKa = 4 (blue) units. 
  
 
pH 5, the stability of all the His containing variants was lower at pH 5 than at pH 7.  This 
is consistent with the buried His residues having depressed pKa values. 
At pH 5, the thermodynamic cost for a substituting His at an internal position 
ranged from 1.5 to 8.4 kcal/mol with an average ∆∆G°H2O of -6.0 ± 2.0 kcal/mol. By 
comparing the value of ∆∆G°H2O at pH 5 and at pH 7 it is possible to establish if the pKa 
values of the His residues are normal or depressed. This required calculating the slope of 
∆∆G°H2O vs pH between pH 7 and pH 5 (Table 3.1). The slopes reported in Table 3.1 
span from pH 5 to pH 7, encompassing the region of pH corresponding to the normal pKa 
of His in water. As such, the reported slope will be shallower than the value of 1.36 
kcal/mol/pH. 
 By comparing the experimentally calculated slopes between pH 7 and pH 5 to 
ideal slopes calculated from simulated ionization curves of a single His with different pKa 
values in the native state (Fig. 3.3), it was possible to estimate the magnitude of the pKa 
shift experienced in the 25 different single His substitutions. The slopes listed in Table 
3.1 range from -0.1 to -1.2, which corresponds to an apparent pKa shift of 0 to > 4 units. 
The data are fully consistent with all His residues having pKa values lower than the 
normal pKa in water. The pKa values of His-41, His-118, His-125 and His-132 are 
depressed but only slightly. The majority of the other His residues appear to be 
experiencing substantial depression of their pKa values. The positions with the most 
shifted pKa values, such as 23, 72, and 92, are clustered in and around the β-barrel. 
 In conjunction with the experimentally determined pHmid values of each variant 
(Table 3.1), it appears that in the majority of these variants the buried His residues remain 
neutral over a wide range of acidic pH and until the protein unfolds. 
 
3.4.4 Far-UV CD 
 To examine how the presence of a His substituted at an internal position affects 
the global structure of the protein, far-UV CD spectra were collected for each variant at 
pH 7 and pH 5 (Fig. 3.4). For 24 of the 25 positions substituted with a His, the spectra 
were similar to that of the parent protein at both pH values. Only the variant with His-91 
showed major differences relative to the parent protein and at both pH values. There is a 
relatively stronger signal at 208 nm than at 222 nm, which is opposite to the normal CD 
spectrum of SNase. This behavior is not unique to His substitutions as it has been seen 
with all other substitutions of Tyr-91. This is clearly a spectral artifact that is not 
indicative of structural reorganization36,73. 
 
3.4.5 NMR spectroscopy  
 NMR spectroscopy was used in an attempt to more directly determine the pKa of 
the His side chain in the L36H, T62H, and V66H variants. 1H-15N HSQC spectra were 
measured over a range of pH from approximately pH 8 down to the pH where the protein 
begins to acid denature (Fig. 3.5). All three variants showed clear crosspeaks and 
chemical shift dispersion indicating that the proteins were folded, consistent with the CD 
and Trp fluorescence data collected at pH 5 and 7. At pH* ~7.5 and ~3.5, the collected 
spectra had high similarity to the reference protein. 
 To determine the ionization and tautomeric states of the introduced His, 1H-15N 
long range HSQC (LR-HSQC) spectra were collected over the same pH ranges for all 
three variants (Fig. 3.5). The LR-HSQC takes advantage of the long range (2- or 3-bond) 






Figure 3.4  Far-UV CD spectra for variants with internal His residues. (A) Individual spectra 
for each His-containing variant at pH 5 are shown in gray. Spectrum for the variant with His is 
shown (red), the parent protein, ∆+PHS (black), and the constitutively unfolded T62P variant of 








Figure 3.5  NMR spectra of His variants. HSQC (right) and LR-HSQC (left) experiments at 
high pH* (red) and low pH* (blue) for variants with His-36 (A,B), His-62 (C,D), and His-66 
(E,F). HSCQ and LR-HSQC spectra were collected at low pH* 4.1, 3.7, 3.5 for His-36, His-62 




the side chain imidazole50. When His is ionized, both Nδ1 and Nε2 are protonated 
(+>NH-type) and they resonate at ~174 and ~178 ppm, respectively106. In the neutral 
state, His may exist in one of two tautomeric forms, where only one of the two nitrogen 
atoms is protonated. (Fig. 3.6) In this state, the protonated (>NH-type) and deprotonated 
(>N:-type) nitrogens resonate at canonical values of ~168 and ~250 ppm, respectively, 
when the side chain exists in only one tautomeric state. The tautomeric states may be 
distinguished from one another by the characteristic “L” pattern, when Nδ1 is protonated, 
and upside-down “L” pattern, when Nε2 is protonated.  
 In all three variants examined, the His side chains show chemical shifts consistent 
with groups existing in the neutral state at all pH values examined. Furthermore, all three 
internal His residues adopt the same tautomeric state, with Nδ1 being protonated. These 
data are consistent with the equilibrium thermodynamic measurements that suggest 
internal His remains neutral until the protein globally unfolds. 
 
3.4.5 Crystal structures 
 Crystal structures for eight of the 25 His variants were solved to determine what 
potential interactions in the microenvironment may be influencing the pKa of the internal 
His residues. The structures for V23H, L25H, L36H, T62H, V66H, I72H, Y91H, and 
I92H variants were refined to resolutions 1.58 Å to 1.80 Å (Fig. 3.7, Table A2). All 
crystals were grown in buffer conditions in which the His residues are expected to be 
neutral. Overall, the tertiary structures of all eight variants did not deviate significantly 






Figure 3.6  Histidine tautomers and associated LR-HSQC patterns. Diagram of all 
three imidazole forms of the His side chain (top) and the corresponding crosspeak 







Figure 3.7  Microenvironments surrounding 8 buried His residues in SNase. (A) Crystal 
structure of ∆+PHS SNase showing the positions that were substituted with His. Close-up of the 
region surround His-23 (PDB ID 4ZUI) (B), His-25 (PDB ID 5C4Z) (C), His-36 (PDB ID 4LAA) 
(D), His-62 (PDB ID 5I9P) (E), His-66 (PDB ID 5C3W) (F), His-72 (PDB ID 4PNY) (G), His-91 
(PDB ID 4ZUJ) (H) and His-92 (PDB ID 5C4H) (I). His side chain and nearby residues (ball and 
stick) and water molecules (blue spheres) are shown . 
  
 
 In the V23H variant the His-23 side chain is observed in two different 
conformations with equal occupancies, the A conformer pointing towards the naturally 
occurring microcavity in the β-barrel and the B conformer pointing towards α-helix 1. 
The A conformer has no potential hydrogen bonding partners within 4 Å of either the 
Nε1 or Nε2 atoms. The B conformer, however, has a water molecule situated 2.5 Å away 
from the Nδ1 atom (Fig. 3.7B). Using the WHAT IF software107 to determine the solvent 
accessible surface area (SASA) of the side chain, the A and B conformations have 0.0% 
solvent accessibility. 
 The His-25 is completely buried in the middle of the β-barrel with 0.0% solvent 
accessible surface area (Fig. 3.7C). There are only 3 atoms within a 4 Å radius of either 
the Nδ1 or Nε2 atoms that could participate in a hydrogen bond with His-25. The 
backbone carbonyl oxygen atoms of Lys-24 and Thr-13 are 3.4 Å and 3.6 Å, respectively, 
away from the Nε2 atom and the backbone nitrogen of Leu-14 is 3.8 Å away from the 
Nδ1 atom of His-25 (Fig. 3.7C). However, given the geometries and distances between 
these atoms, there is no strong evidence for hydrogen bonding. Without evidence for a 
direct interaction, the side chain of His-25 appears to be dominated by the hydrophobic 
environment inside the β-barrel. 
 His-36 towards the microcavity in the β-barrel (Fig. 3.7D). Despite being 
completely inaccessible to bulk solvent, the Nδ1 of His-36 is within 2.9 Å of the carbonyl 
oxygen of Asp-21, which is normally unsatisfied. No other potential hydrogen bond 
donors or acceptors are observed near either nitrogen in the side chain of His-36. 
 The side chain of His-62 is internal and points into the microcavity in the β-barrel 
with 0.0% of the side chain accessible to water (Fig. 3.7E). A single water molecule is 
 
visible 3.4 Å away from the Nε2 atom and 3.6 Å away from the Nδ1 atom. While being 
nearby, this water is situated above the plane of the imidazole which precludes the 
formation of a hydrogen bond but may be forming a hydrogen-π interaction. His-62 can 
form a hydrogen bond between the Nδ1 atom and the carbonyl oxygen of Gly-20, which 
is 2.8 Å away. 
 The side chain of His-66 is entirely buried within the β-barrel (Fig. 3.7F). There is 
only one potential hydrogen bonding partner, the carbonyl oxygen of Thr-62, which is 2.9 
Å away from the Nδ1 atom of His-66. There were no visible distortions to α-helix 1 or 
the global secondary structure as were seen in previous spectroscopic data collected from 
Lys, Asp, or Glu-66 variants108. 
 His-72 has the greatest solvent accessibility among the internal His residues that 
were studied. The side chain imidazole has an accessibility of 7.9%. It points towards the 
end of α-helix 1 (Fig. 3.7G). Both nitrogen atoms have potential bonding partners. The 
Nδ1 is 2.5 Å from a bulk water molecule and the Nε2 atom is 2.7 Å away from the 
carbonyl oxygen of Val-66. Given the distances and geometries of these atoms, they are 
most likely forming hydrogen bonds with the His side chain. Other ionizable side chains 
at positions 72 also have limited access to bulk water, which is intriguing because their 
thermodynamic properties are those of a completely buried ionizable group52. 
 The side chain of His-91 points towards the loop region near the beginning of α-
helix 3 and is inaccessible to solvent (Fig. 3.7H). In ∆+PHS, Tyr-91 is part of a hydrogen 
bond network where it acts as an donor to the side chain of Asp-77 and an acceptor to the 
backbone amide of His-12150. The side chain of His-91 overlays well with the orientation 
of Tyr-91. In the Y91H variant, the hydroxyl of Tyr-91 is replaced with a buried water 
 
molecule that is 2.8 Å away from the Nε2 atom of the His-91. This water molecule forms 
the same hydrogen bonds with backbone of His-121 and the Oδ2 atom of Asp-77 as seen 
in Δ+PHS. The Nδ1 atom of His-91 is 3.2 Å and 3.5 Å, respectively, from the backbone 
carbonyl and Oε1 of Glu-75, although there is no evidence in the structure that His-91 
forms hydrogen bonds with either moiety. 
 The side chain of His-92 is positioned in the β-barrel with 1.4% of the side chain 
solvent accessible. The Nδ1 atom of His-92 is 3.0 Å away from the backbone nitrogen of 
His-92 and 3.3 Å from the carbonyl oxygen of Ala-90 (Fig. 3.7I). However, given the 
geometries and that the carbonyl oxygen of Ala-90 is involved in a hydrogen bond with 
Leu-37, neither of these pairs would successfully sustain a hydrogen bond, leaving His-
92 involved with no hydrogen bonds. 
 
3.5 Discussion 
3.5.1 Difficulties in measuring His pKa values 
 It turned out to be unfeasible to measure the pKa of the buried His side chains 
owing to the shift in the acid unfolding of the protein to high pH values that would 
preclude measurement of the full titration curve. On the other hand, the pH dependence 
of stability is consistent with 19 of the 25 internal His residues having substantially 
depressed pKa values with shifts considerably larger than the shifts usually observed with 
surface His residues.  
Given the errors intrinsic to the ∆G°H2O values measure and the limited range of 
pH where stability was measured, it was impossible to determine the pKa value of the His 
residues in the manner that has been done for Lys, Asp, and Glu2,36,61. However, the data 
 
are sufficient to provide boundary value. Using basic linkage analysis (Eq. 3.1) to 
simulate the ∆∆G°H2O of the protein as the pH changes (Fig. 3.3), it is possible to estimate 
the range in pH where the pKa of the buried His falls. 
 
 
Using the simulations of the type shown in Fig. 3.3, it was possible to test different pKaD 
values (pKa in the unfolded state) and determine the pKaN corresponding to the pKa of the 
His residue in the native state. For position 132, which has a slope of -0.1, regardless of 
the value used for pKaD (ranging from 6.0 to 6.5) the shift in the pKaN was -0.2, which is 
consistent with His-132 titrating with a normal pKa. Similarly His-125 has a slope of -0.4 
that corresponds to a maximal shift in pKaN of -0.5, which is measurable but small.   
The cases of His-62 and His-66 are more instructive as considerable information 
was derived from the NMR spectroscopy studies. NMR studies indicated that both His-62 
and His-66, which in the thermodynamic studies have slopes of -0.8 and -0.4, 
respectively (Table 3.1), remained in the neutral state down to pH 3 where acid unfolding 
began (Fig. 3.5). The simulation for His-66 predicts a pKaN of < 4.8 regardless of the 
input for the pKaD value. When using a value of 6.5 for the pKaD variable for His-62, the 
resulting pKaN is < 5 while setting the pKaD value to 6.0 yields a pKaN of < 4. This 
demonstrates that the analysis of the slopes of stability with pH can be interpreted in a 
reliable manner to contribute boundary values to pKa of the His residues. A wealth of 
data on the internal Lys, Glu, and Asp residues at these 25 internal positions further 
 
corroborate that validity, accuracy, and precision of the determination of pKa values 
through this thermodynamic approach. 
3.5.2 Structure correlation with pKa shifts  
 To identify the factors that might be influencing the pKa of the buried histidines, 
the ∆∆G°H2O values and pH sensitivity of the 25 variants were analyzed in terms of the 
conformation of the backbone to which the internal His residues are connected. Each 
amino acid can be found in elements of different secondary structure (α-helix, β-strand, 
coil) with characteristic frequency. The structural preference of histidine is somewhat 
complex. In three independent surveys, histidine has been shown to be weakly correlated 
with all secondary structural elements74, positively correlated with helices and negatively 
correlated with β-strands109, or favorably correlated with both α-helices and β-strands110. 
For SNase, internal positions 20, 37-41, and 109-118 can be classified as coil 
positions, positions 58-66, 99-104, and 125-132 are α-helix positions and 23-26 and 72-
92 are β-strand positions. Using these groupings, the average ∆∆G°H2O values measured 
at pH 7 were -3.3, -5.2 and -5.4 kcal/mol, respectively. Similarly, the average ∆∆G°H2O 
values at pH 5 were -4.1, -6.4 and -7.1 for coil, helix, and strand respectively (Table 3.2). 
This agrees best with the findings from Levitt110. At both pH values, the His substitution 
is most destabilizing in the strand and helix positions. The average ∆∆G°H2O values in the 
coil regions for the substitutions to His at pH 7, where the side chain is assumed to be 
neutral, is similar as reported for neutral ionizable and other polar substitutions at the 
same positions. This suggests that His is not unique in the decrease in thermodynamic 
stability when neutral. 
 
The same analysis was done to determine if the same correlations carry over from 
∆∆G°H2O to the shift in the pKa as determined by the calculated slope. The average slope 
for His residues in coil regions was -0.4 ± 0.3, -0.6 ± 0.2 for helix positions, and -0.9 ± 
0.2 for positions in β-strands. The same trend is observed indicating that the less-flexible 
α-helix and β-strand elements of secondary structure lead to a larger shift in the pKa value 
of the His, consistent with the previous observation that although it is more destabilizing 
to substitute core positions in the β-barrel with ionizable groups, the residues buried in 
the barrel exhibit the largest shifts in pKa values2,61. 
 
3.5.3 Microenvironments of buried His side chains 
 The Lys and Arg residues that have been studied at these internal positions are 
very different from His in the length, chemistry and conformational flexibility of their 
side chains. His is inherently more constrained conformationally. In all eight crystal 
structures that were examined the His side chain is buried; in five cases the side chain is 
completely inaccessible to solvent. This is not entirely surprising. Unlike the Lys and Arg 
side chains, buried His side chains, even completely buried ones, are not unusual97. What 
the present, systematic study with His at 25 internal positions does demonstrate is that 
burial of the bulky His side chain is relatively easy to achieve, neither requiring special 
structural adaptations nor inducing any significant structural reorganization. Although the 
His side chains appear in most of the structures to interact with potential hydrogen 
bonding partners, the thermodynamic data suggest that these hydrogen bonding 
interactions are not sufficient to offset the consequence of the dehydration experienced 
upon burial.  
 
 Some authors have speculated about a possible correlation between solvent 
accessibility, burial in the hydrophobic interior of the protein, and pKa values93,97,111. 
Edgcomb and Murphy surveyed 37 histidines from 13 proteins and concluded that there 
is no correlation between the side chain burial and depressed pKa values. A 
computational approach to predicting pKa values of histidines also arrived at a similar 
conclusion: there is no correlation between ASA and pKa values and thus accessible 
surface area can be ignored with no ill effects93. For the set of His variants presented 
here, the untitratable histidines at positions 36, 62 and 66 all are completely buried. These 
findings do not directly contradict earlier studies, however, as other untitratable histidines 
were found to be among the most buried26,97. 
 In a large survey of hydrogen bonds involving all amino acids, it was found that 
His made 0.8 hydrogen bonds on average as a donor and 0.3 as an acceptor suggesting 
that His need only satisfy one of its possible side chain hydrogen bond interactions90. A 
more recent survey of histidines observed that all His side chains with < 30% ASA made 
at least 1 interaction and side chains that made no interactions were predominantly > 60% 
ASA97. This is contrary to what is observed with the 8 crystal structures with buried His 
side chains with < 10% accessible surface area capable of forming 2, 1, or even no 
hydrogen bonding interactions. It is important to note that the His residues we have 
studied were introduced mutagenically while the previous studies examined natural His 
residues. It is possible that the properties of naturally occurring His residues reflect 
evolutionary adaptation. The structures of the internal His residues in SNase demonstrate 
that His side chains can exist in an extremely hydrophobic environment without the need 
 
of being involved in any polar contact. The same has been observed most dramatically 
for buried Lys side chains2 but also for buried Asp and Glu side chains60,61. 
 
 
3.5.4 Comparison between internal His, Lys, Arg, Asp, and Glu 
 Remarkably, the average decrease in thermodynamic stability of SNase 
upon substitution of an internal position with any ionizable residue is comparable when 
measured at a pH near the normal pKa of the residue. Substitution of neutral His appears 
to be comparable to previously studied ionizable groups buried at the same 25 internal 
positions in the neutral state. At pH 10, the average cost for substituting neutral Lys is      
-4.8 ± 2.4 kcal/mol; at pH 5 the average cost for substituting neutral Glu and Asp is -4.4 
± 1.5 kcal/mol and -5.1 ± 2.1 kcal/mol, respectively2,60. A similar comparison to Arg was 
not possible as the Arg side chain is never observed in the neutral state in the pH range 
where SNase is folded1.  
 For substitution with His at pH 7 the average loss of stability is 4.7 ± 1.8 kcal/mol 
which is the same as the loss of stability upon substitution with Asn or Gln36. The striking 
similarity in the average loss of stability upon substituting internal positions with a polar 
residue suggests that the effect is dominated by differences in hydration of the polar side 
chain in water and in the protein. That is the only factor that all side chains have in 
common. The other factors that could be reflected in these numbers, such as differences 
in the extent of van der Waals interactions and conformational entropy of the side chain, 
are probably minor relative to the contributions from hydration. It should be remembered 
that these averages are averages over a very broad distribution. This suggests that the 
 
polar side chains are sensitive to the characteristics of the unique microenvironment 
surrounding the side chain. 
 The more notable difference between the buried ionizable residues is between the 
properties of Arg and the properties of Lys, Asp, Glu, and His. We have been unable to 
measure shifts in pKa values of buried Arg residues. This probably reflects a combination 
of factors. First, the normal pKa of Arg in water is closer to 14 than to the value of 12 that 
is assumed by many40. Second, the charge in the guanidinium group is highly delocalized 
over 4 atoms and 3 bond, therefore the hydration energy of the charged guanidinium 
moiety is likely low thus the penalty for removing the group from water and sequestering 
it in a dry environment is also quite low. The Arg side chain is long and this helps it 
compensate for loss of hydrogen bonds with water by placing the buried guanidinium 
moiety where it can satisfy its 5 hydrogen bonds1. In contrast, the hydration energy of the 
amino group of the Lys side chain is high causing the transfer of the side chain from 
water into the relatively hydrophobic environment in the protein interior to be 
unfavorable. This is reflected in the substantial shifts of up to 5 pKa units, always in the 
direction the promotes the neutral form of Lys2. Glu and Asp behave somewhat like Lys, 
and although the charge in the carboxylic group is more delocalized than in the amine in 
Lys, the carboxyl group is well hydrated and transfer to a hydrophobic environment is 
unfavorable. 
 Despite the fact that the imidazole side chain of the His residue is aromatic, in 
principle more compatible with hydrophobic environments, and that the charge can also 
be delocalized in the ring, the ionization properties of His residues buried in hydrophobic 
environments are more similar to Lys than to Arg. Although the exact pKa values of the 
 
internal His residues could not be determined with accuracy or precision in this study, the 
data show conclusively that they are shifted, in most cases depressed by more than 1 or 2 
pKa units. This is a conservative estimate. In the case of His-36, His-62 and His-66 it was 
possible to show conclusively with NMR spectroscopy that the pKa values are depressed 
by at least 3 units; the side chains of these His residues remain in the neutral state under 
highly acidic conditions and only become protonated concomitant with the acid unfolding 
transition. 
The structures of variants with internal Lys, Arg, and His residues in SNase reveal 
some potentially interesting differences in the capacity of these residues to establish 
hydrogen bonds. Even when buried in the deepest and most hydrophobic regions of the 
core of SNase, the Arg side chain has the ability to reach towards the protein surface and 
find backbone atoms or enhance water penetration to satisfy its multiple hydrogen 
bonds1. The Lys side chain can often be found buried in totally hydrophobic 
environments52. The conformation of the side chain observed in crystal structures does 
not seem to be influenced or driven by hydrogen bonding interactions. The His side chain 
is somewhat like Lys. It appears to form hydrogen bonds more readily than Lys, but it 
can be found buried without its hydrogen bonds fully satisfied. 
There is no correlation between the effects reported by internal acidic or basic 
residues buried at the same position in SNase. Even the effects of different acidic or basic 
residue on the stability of the protein are not comparable. It is very clear that the nuances 
of interactions of the different side chains with their microenvironments determine many 
of their properties. The properties of buried His residues appear to be especially sensitive 





Anomalous pKa values of buried ionizable residues in proteins can be 





4.1 Abstract  
 Ionizable groups buried in hydrophobic environments in proteins are essential for 
all forms of biological energy transduction. It is increasingly apparent that 
conformational reorganization coupled to the ionization of the buried group is a major 
determinant of the pKa values of these internal groups. In the presence of a buried group 
with an anomalous pKa, the energy gap between the fully folded and local or partially 
unfolded states decreases as the pH of solution approaches the pH where the internal 
group becomes ionized. The ionization event is thermodynamically coupled to a shift 
from the fully folded state to local or partially unfolded states in which the nascent charge 
can become hydrated or gain access to an environment where the charge can be solvated 
by the protein. These alternative conformational states, not normally populated, can 
become the new ground state under conditions of pH conditions where an internal 
ionizable group is charged. If the ionization of an internal group promotes the transition 
to a new conformational state then its pKa should be sensitive to the global 
thermodynamic stability (∆G°H2O) of the protein because that determines the energy gap 
between the fully folded and all other states of the protein. This concept was tested by 
measuring the pKa of two internal Lys residues in variants of staphylococcal nuclease 
with thermodynamic stabilities ranging from 4.9 to 13.8 kcal/mol. The pKa of the internal 
Lys residues could be shifted by almost 2 pKa units depending on the ∆G°H2O of the 
parent protein. This confirms that the pKa values of these Lys residues are determined by 
the probability of structural reorganization more than by local dielectric properties of the 
protein microenvironments of the ionizable moieties. These observations imply that 
structure-based pKa calculations for buried groups and other electrostatic processes in 
 
hydrophobic environments require accurate treatment of conformational reorganization, 
which remains an extremely challenging proposition.  
 
4.2 Introduction 
Ionizable residues are essential for many biological functions. Most ionizable 
residues are at the surface of proteins, but a few biologically important ones are buried in 
the hydrophobic interior of proteins. These internal ionizable residues play significant 
roles in processes such as H+ transport18,19, ion homeostasis62, and catalysis7,8,112. To 
understand how these residues determine biological function it is imperative to know 
their pKa values and to understand their molecular determinants. 
The protein interior is much less polar and polarizable than water. Therefore, 
when an ionizable residue is sequestered from bulk water in the protein interior, the pKa 
of the ionizable residue shifts relative to the normal pKa in water, sometimes by several 
pKa units, in the direction that promotes the neutral state2,35,60. The ionization of an 
internal residue often triggers structural reorganization to varying degrees owing to the 
change in the relative stabilities of alternate conformations53,72,108,113,114. The measured or 
apparent pKa is actually a population-weighted average of the pKa in the many different 
conformational states that exist in solution; therefore, these conformational changes 
influence the apparent pKa value of the internal ionizable residue53,115,116. Conformational 
heterogeneity is important for protein function as it is often the alternative, accessible 
conformational states that are not the lowest energy state may still be the biologically 
active ones117–119. Understanding how conformational states other than the fully folded 
state affect the measured pKa of an internal ionizable group is of inherent interest. The 
 
problem is that the alternative conformational states are difficult to observe with direct 
structural methods120. 
Structure-based pKa calculations have contributed important insights into possible 
molecular determinants of pKa values, but accurate calculation of pKa values is still 
extremely challenging, even for surface ionizable residues34,52,114. Calculation of the 
anomalous pKa value for internal ionizable residues is even more challenging121 because 
several factors that have been observed experimentally to affect pKa values of internal 
groups are difficult to reproduce computationally: strength of interactions between the 
ionizable group122, between the ionizable group and other polar moieties122, interactions 
of buried ionizable residues with surface charges54, and fluctuations between alternative 
conformational states52,53. The problem related to the roles of alternative conformational 
states as determinants of pKa values is especially challenging in structure-based 
calculations. To reproduce this correctly, improvements must be made to sampling 
methodology the correctly predict alternative states and to force fields so the relatively 
small free energy differences between conformational states can be calculated accurately.  
The direct detection of alternative conformational states of proteins with structural 
methods is challenging because they are transiently or marginally populated. In the case 
of alternative states promoted by the ionization of internal residues, this is less of a 
problem because exploring various conditions of pH makes it possible to find conditions 
where an alternative state becomes the new ground state. Here we seek to demonstrate 
the role of alternative conformations of proteins as determinants of the anomalous pKa 
values of buried groups by showing that the apparent pKa of an internal Lys residue can 
be shifted by secondary mutations far from the ionizable group that affect the global 
 
thermodynamic stability (∆G°H2O) of the protein.   
∆G°H2O is the free energy gap between the folded and unfolded states. This is 
highly pH sensitive in proteins with buried ionizable groups with anomalous pKa values. 
As the energy gap decreases the probability of populating alternative states increases. A 
decrease in the energy gap should affect the apparent pKa of the internal ionizable residue 
because it will increase the population of alternative states in which, presumably, the 
anomalous pKa in the fully folded form becomes more normal because it can contact 
water. The hypothesis we have examined is that the anomalous pKa of a Lys in a protein 
will shift towards a more normal value in response to mutations far from the Lys that 
lower ∆G°H2O of the proteins (Fig 4.1).  
To test this hypothesis, Val-23 and Leu-36 in staphylococcal nuclease (SNase) 
were substituted with Lys. Previous experiments with a highly stable form of SNase 
showed that Lys-23 and Lys-36 titrate with pKa values of 7.3 and 7.2, respectively. Both 
the V23K and L36K variants are also moderately stable at pH 7, with ΔG°H2O = 4.6 and 
4.7 kcal/mol, respectively2. Crystal structures of these two variants have been solved 
under conditions of pH in which the Lys residues are neutral and under these conditions 
the Lys side chains are completely buried and buried in the same general region of the 
protein52. The substitutions to Lys have now been done in five variants of SNase with 
different global stability (Fig. 4.2, Table 4.1). These stable variants are almost totally 
insensitive to pH in the pH range 5 to 10 and their thermodynamic stabilities bracket 
those of the original protein used to measure the pKa values of 7.3 and 7.2. The pKa 
values of Lys residues in all these different background were measured through linkage 






Figure 4.1  Relationship between energy gaps of protein states and apparent pKa. 
Energy diagram showing the relationship between the magnitude of the energy gap 
between folded, partially unfolded and fully unfolded SNase and the magnitude of the 







Figure 4.2  pH dependence of stability of five background variants of SNase. 
Thermodynamic stability of GLA ( ), NVIAGA (  ), ∆+GLA (  ), ∆+VIAGLA ( ), and 
∆+NVIAGLA ( ) measured at various pH values. All measurements were taken at 25°C 
and 100 mM salt. 
  
 
Table 4.1  Thermodynamic stability of wild type SNase and of 5 stable variants1  
 
1 Measured with GdnHCl titration monitored with Trp fluorescence at pH 7, 25°C in 100 
mM KCl and 25 mM HEPES  
2 ∆G°H2O in kcal/mol  
3 Also known as PHS or ∆+PHS  
4 Value from Dwyer et al. 2000 




Protein ∆G°H2O2 Substitutions 
WT 4.9 - 
GLA3 8.04 P117G, H124L, S128A 
NVIAGA 9.2 D21N, T33V, T41I, S59A, P117G, S128A 
∆+GLA3 11.95 del 44-49, G50F, V51N, P117G, H124L, S128A 
∆+VIAGLA 13.0 del 44-49, G50F, V51N, T33V, T41I, S59A, P117G, H124L, S128A 






Figure 4.3  Linkage analysis of the pH dependence of stability for measurement of 
pKa values. (A) Thermodynamic stability (∆G°H2O) of background protein, GLA, ( ) 
and Lys-containing variant, GLA/L36K, ( ) with dotted lines to guide the eye. (B) 
Difference in thermodynamic stability (∆∆G°H2O) between background and Lys-
containing variant (open squares). Solid line represents fit with Equation 1.  
  
 
The results of this study are fully consistent with the idea that the anomalous pKa 
values of internal ionizable residues are affected by the global stability of the protein and 
that alternative conformations are important determinants of these pKa values. The 
relationship between stability and pKa turned out to be more complex than anticipated. 
These results show that accurate prediction of alternative conformations of proteins and 
the free energy difference between conformational states will be necessary for accurate 
prediction of pKa values of buried ionizable groups. Efforts are on-going to describe the 
nature of conformational transitions that are coupled to the ionization of internal residues 
in detailed structural terms.  
 
4.3 Materials and methods 
4.3.1 Proteins 
 The Stratagene Quickchange kit was used to engineer the variants. Each protein 
was expressed in E. coli BL21/DE3 cells (Invitrogen) transformed with the plasmid 
Pet24a+. Proteins were expressed and purified by the method of Shortle and Meeker69 as 
modified by Byrne et al.70 
 
4.3.2 Equilibrium thermodynamic measurements 
 The Gibbs free energy of unfolding (∆G°H2O) was measured using the intrinsic 
fluorescence of Trp-140 to monitor unfolding, as described previously71. The far-UV 
signal at 222 nm was used for His-132 variant. GdmCl (UltraPure grade, Invitrogen Life 
Technologies) was used as a denaturant, as described previously71. All measurements 
were performed with an ATF-105 automated fluorometer (Aviv Inc.) at 25°C. The protein 
 
concentration in these experiments was 50 µg/mL in a buffer consisting of 100 mM NaCl 
with either 25 mM KAc, MES, HEPES, TAPS, CHES, or CAPS as appropriate for the 
pH. 
 
4.3.3 Linkage analysis for determination of pKa values 
 The pKa values of ionizable groups are sensitive to their environment, thus for 
buried residues the pKa values are very different in the folded and unfolded forms of the 
protein. When the protein is unfolded the ionizable groups are extensively hydrated and 
titrate with the normal pKa values of model compounds in water. In the folded state the 
pKa values of the folded groups are dependent on the location of the ionizable moiety and 
on nuances in the microenvironment such as the polarity and polarizability of the 
surrounding atoms. The pKa values of internal groups are shifted relative to the pKa 
values in water, always in the direction that favors the neutral state because the protein 
interior is not as good a solvent as water. Buried ionizable groups that titrate with 
anomalous pKa values have a striking effect on the pH dependence of thermodynamic 
stability (∆G°H2O). The thermodynamic contribution associated with the ionization of a 
single ionizable group (∆G°ion) is described in Eq. 4.1 
 
  Eq. (4.1) 
 
where z is the charge of the ionizable side chain, pKaD is the pKa value of the group in the 
unfolded state and pKaN is the pKa value in the folded state. For the ionizable group to 
have an impact on the stability of the protein, the pKaD and pKaN values must be different. 
 
 The background proteins used in this study display negligible pH dependence in 
ΔG°H2O over the pH range from 5 to 10. A substitution to Lys at an internal positions has 
a marked destabilizing effect on the protein, even under conditions of pH where the Lys 
side chains is normally neutral. On account of the depressed pKa the ΔG°H2O. becomes 
highly pH sensitive. The pH dependence of the difference in stability between the 
background protein and the variant with the internal Lys with anomalous pKa can be 
analyzed with this function to obtain the pKa of the internal Lys in the native state pKaN. 
 
  Eq. (4.2) 
 
where ∆∆G°mt reflects the pH-independent change in free energy for substituting Lys 
when the side chain is neutral. The thermodynamic linkage approach to monitoring pKa 
values has been validated extensively with other equilibrium thermodynamic 
measurements49,100,123,124 as well as NMR spectroscopy55,125.  
  In cases where there is more than one ionizable group with an abnormal pKa, the 
pKa values can be extracted by fitting with Eq. 4.3, which is an extension of Eq. 4.2:  
 
  





4.3.4 Far-UV CD Spectroscopy 
 An Aviv model CD-420 circular dichroism spectrophotometer was used to collect 
far-UV CD spectra. Samples consisted of 50 µg/mL protein, 100 mM KCl and either 25 
mM TrisHCl. (pH 7) or 25 mM CAPS (pH 10). Spectra were collected for a protein 
sample in a 0.2 cm path-length quartz cuvette at 25 °C. Measurements were taken at 
wavelength intervals of 1 nm using an averaging time of 3 s. 
 
4.3.5 X-ray Crystallography  
 ∆+VIAGLA/V23K was crystallized by the hanging drop vapor diffusion method 
at 4 °C. The reservoir solution consisted of 25% (v/v) 2-methyl-2,4-pentanediol in 25 
mM potassium phosphate buffer (pH 8). Two molar equivalents of the inhibitor of pdTp 
and 3 molar equivalents of CaCl2 were added to the protein solution before it was mixed 
with an equal volume of reservoir solution. The pdTp was synthesized in our 
laboratory123.  
 Diffraction data were collected at 100K using a Bruker Duo Apex diffractometer. 
Initial phasing for all structures was obtained by maximum likelihood-based molecular 
replacement method with PHASER software within the CCP4 suite using a previously 
solved structure for ∆+PHS (PDB ID: 3BDC) as a search model. Prior to molecular 
replacement, 3BDC.pdb was modified by truncating residues 8, 23, 31, 41, 50, 51, 59, 80, 
113-116, 123, 131 to Ala, removing residues 16-24, removing all water molecules, and 
resetting all B-factors to 20.0 Å2. Model building using Coot and refinement with 
Refmac5 were performed iteratively to yield the final models. Rw and Rf residuals were 
monitored throughout the refinement. Water molecules were added during model 
 
building to reflect spherical electron density in 2Fo-Fc maps that were within 3.5 Å of a 
hydrogen bonding partner in the protein model. Final checks of the structures were done 
using SFCHECK and PROCHECK programs. 
 
4.4 Results 
4.4.1 Thermodynamic stability 
 This study was based on five variants of SNase that were engineered to be more 
stable than the wild type protein (Table 4.1). The naming convention used here is detailed 
in Table 4.1 for each variant. The “∆” refers to the deletion of the Ω-loop (residues 44-
49) and the “+” refers to the pair of mutations at positions 50 and 51. All other letters are 
taken from the residue that has been substituted into the protein (e.g. G = P117G). The 
thermodynamic stability measured with chemical denaturation showed that the most 
stable variant is almost three times as stable as the wild type (Table 4.1). This study uses 
five different background variants of SNase created by the incorporation of different 
combinations of stabilizing mutations126,127. On-going work in this laboratory has shown 
that the backbone structure of these proteins is superimposable.   
 Positions 23 and 36 were identified as useful starting points for this study based 
on previous experiments in the ∆+GLA background and crystal structures showing that 
the Lys amino group of the two variants are in similar environments52. The pKa values for 
Lys-23 and Lys-36 measured previously are 7.3 and 7.2, respectively2. As the stability of 
the ∆+GLA/V23K and ∆+GLA/L36K had stabilities of 4-5 kcal/mol at pH 7 the 
experiments with the less stable NVIAGLA and GLA backgrounds were possible. 
 
 The thermodynamic stability of five variants of SNase with the V23K substitution 
measured between pH 4 and pH 10 are shown in Figure 4.3. The marked decrease in 
stability with decreasing pH is consistent with a highly depressed pKa for Lys-23. Lys-23 
in the ∆+GLA background was previously studied and was determined to have a pKa of 
7.3 ± 0.1 2. The pH dependence of ∆G°H2O for Δ+GLA/V23K showed evidence of two 
groups with depressed pKa values. Fitting with Eq. 4.3 suggested the higher of the two 
pKa values represented Lys-23; Asp-21 which normally titrates with a pKa of 6.2 is 
suspected of being the other group with an altered pKa in this protein34. A similar 
phenomenon was observed for Lys-23 in the more stable backgrounds, ∆+NVIAGA and 
∆+NVIAGLA, consistent with more than one group with anomalous pKa. Using Eq. 4.3, 
the pKa of Lys-23 in ∆+NVIAGA and ∆+NVIAGLA were 7.3 ± 0.3 and 6.9 ± 0.3, 
respectively. Interestingly, in the two less stable backgrounds (NVIAGA and GLA), there 
is no evidence in the thermodynamic data suggesting the presence of multiple groups 
with abnormal pKa values. Analysis with Eq. 4.2 yielded pKa values of 5.7 ± 0.3 for Lys-
23 in NVIAGA/V23K and 7.5 ± 0.3 in GLA/V23K (Fig. 4.5). 
 The thermodynamic stability of Lys-36 was also measured in the pH range 4 to 10 
in all five background proteins (Fig. 4.4). As with the Lys-23 variants, the data from all 
variants was consistent with a depressed pKa for Lys-36 (Fig. 4.5). Previous studies of 
Lys-36 in the ∆+GLA background reported a pKa of 7.2 ± 0.2 2. Eq. 4.2 was used to fit 
the thermodynamic data for the more stable ∆+NVIAGA/L36K and ∆+NVIAGLA/L36K 
variants. The pKa values resolved for Lys-36 in ∆+NVIAGA and ∆+NVIAGLA are 6.8 ± 
0.2 and 5.3 ± 0.3, respectively. Both are more depressed than in the ∆+GLA variant. The 






Figure 4.4  Thermodynamic stability (ΔG°H2O) of SNase variants as a function of pH. 
Data for proteins with ( ) Lys-23 and ( ) Lys-36, respectively. Colors identify the 
different SNase variants used as background for the substitutions with Lys-36: 
∆+NVIAGLA (red), ∆+VIAGLA (orange), ∆+GLA (green), NVIAGA (blue), GLA 






Figure 4.5  pKa values of internal Lys compared to thermodynamic stability of the 
background protein. Data for proteins with ( ) Lys-23 and ( ) Lys-36, respectively. 
Error bars represent fit error from determining the pKa values. 
  
 
anomalous pKa values, similar to that of ∆+GLA/L36K. Analysis with Eq. 4.3 provided a 
pKa value of 8.1 ± 0.4 for Lys-36 in the NVIAGA background. Using Eq. 4.2, Lys-36 
was determined to have a pKa of 6.3 ± 0.2 in GLA, the least stable background. This is an 
unexpectedly lower pKa for the Lys when compared with the observed trend in the more 
stable proteins. 
 
4.4.2 CD spectroscopy 
 To determine if substitution of Lys-23 or Lys-36 affected the conformation of the 
SNase background proteins studied, far-UV CD spectra of each variant were collected at 
various pH conditions where, based on ∆G°H2O measurements, the protein was expected 
to be fully folded (Fig. 4.6). In all backgrounds, the spectra for variants with Lys-23 or 
Lys-36 exhibited the signals at 208 nm and 222 nm characteristic of folded, native-like 
SNase. No significant changes in either signal intensity or shape of the spectra was 
observed for any of the 10 variants over the pH range 5 to 10. The absence of any large 
changes in the far-UV spectra as a function of pH suggests that the effects of Lys-23 or 
Lys-36 were insufficient to globally unfold the protein or to stabilize the protein in a very 
different conformation. This suggests that the structural reorganization coupled to the 
ionization of Lys-23 or Lys-36 is too subtle to be detected by this method. 
 
4.4.3 Crystal structures 
 Crystal structures are available for three of the ten variants that were studied. 










1.60 Å and 1.75 Å, respectively, and were described previously52. Neither structure 
showed any evidence of a conformational difference to the parent proteins and have Cα 
RMS deviations < 0.4 Å when compared to the crystal structure of the background, 
Δ+GLA. The Lys side chain in both structures are completely buried in the hydrophobic 
core with no potential hydrogen bonding partners. 
 In contrast with what was observed in the Δ+GLA variants, the 1.75 Å structure 
of the ∆+VIAGLA/V23K protein exhibits a substantial reorganization (Fig. 4.7). 
Residues 15 to 24, comprising strands β1 and β2 of the five stranded β-barrel swing 
outward, exposing both Lys-23 and the entire the hydrophobic core to bulk solvent. In 
this open conformation, the Nζ atom of the Lys side chain is 2.3 Å away from the 
carboxylic group of Asp-19, which may be influencing the pKa of Lys-23. 
 
4.5 Discussion 
 A protein can respond to the presence of an internal Lys residue in a number of 
ways. If the buried Lys were surrounded by other polar groups from the protein, it could 
in principle be buried in the charged state without disrupting the structure by being 
stabilized by polar interactions. If the polar microenvironment were not as effective as 
water at solvating the charged Lys, the protein could respond by shifting into an 
alternative state in which the charged Lys could contact water. In an extreme case, the 
ionization of the buried group could be coupled to global unfolding. All instances of 
conformational reorganization would be driven by the need to solvate the charged Lys 







Figure 4.7  Crystal structure of ∆+VIAGLA/V23K. (A) Cartoon representation of the 
structure of ∆+GLA/V23K (white) overlaid with ∆+VIAGLA/V23K (cyan) with the 
conformational difference in β1-β2 conformational difference highlighted in yellow. The 
side chain of Lys-23 is shown as sticks. (B) Microenvironment of Lys-23 in 
∆+VIAGLA/V23K showing all residues (sticks) and waters (spheres) visible within 5 Å 




 The pKa value measured with equilibrium thermodynamic experiments is a 
population weighted average of the pKa of Lys in all the conformations that are accessed 
in solution128. To understand the origins of the anomalous pKa values of buried groups it 
is of interest to understand the nature of the alternative conformational states that are 
reflected in the apparent pKa. Secondary mutations that depress the global stability of the 
protein redistribute the population of the conformational ensemble. This would inherently 
affect the apparent pKa values and afford a way of assessing the role of these alternative 
conformational states. As the global thermodynamic stability of the protein is decreased 
the probability increases that alternate conformational states are populated in which the 
internal Lys side chain is exposed to water. This would shift the apparent pKa towards a 
more normal value. 
 
4.5.1 Lys-23 
The pKa values of Lys-23 in the GLA, Δ+GLA, and Δ+VIAGLA background proteins 
ranged from 7.3 to 7.5 (Table 4.2 and Figure 4.8). This would appear to contradict the 
central hypothesis of this study. However, it is more likely that the pKa of Lys-23 is 
independent of the thermodynamic stability of the background protein because it already 
reflects a substantial conformational reorganization that is sufficiently close in energy to 
the fully folded native state to render it insensitive to the effects of secondary mutations. 
This is suggested by the crystal structure of the Δ+VIAGLA/L23K protein showing that 
the β1-β2 strands are released from the barrel. This open state of SNase has been 
documented previously in SNase variants with the V23E substitution58. In this open state 
the ionizable side chains, Glu or Lys, are in bulk water. This open state is sufficiently  
 
 
Table 4.2 pKa values of Lys-23 and Lys-36 in 5 variants of SNase. 
 
Protein  ΔG°H2O 1 Lys-23 pKa2 Lys-36 pKa2 
GLA 8.0 7.5 (0.3) 6.3 (0.2) 
NVIAGA 9.2 5.7 (0.3) 8.1 (0.4) 
∆+GLA 11.9 7.3 (0.1) 7.2 (0.1) 
∆+VIAGLA 13.0 7.3 (0.3) 6.8 (0.1) 
∆+NVIAGLA 13.8 6.9 (0.3) 5.3 (0.3) 
 
1 ∆G°H2O measured in kcal/mol at 25°C in 100 mM KCl and 25 mM HEPES at pH 7 








Figure 4.8  pH dependence of the stability of Lys-23 variants. pH dependence of 
stability of the background protein ( ) and of the Lys-23 variant ( ). Difference in 
stability (∆∆G = ∆Gvar - ∆Gbackground) ( ). Dotted lines are for guiding the eye. Black 
solid line describes the fit (Eq. 4.2 or 4.3) and the apparent pKa of Lys-23 is at the bottom  
 
close in energy to the fully folded state such that this state is easily populated regardless 
of the energy gap between the fully folded and fully unfolded states. 
 In contrast, Lys-23 in the NVIAGA/V23K and Δ+NVIAGLA/V23K proteins 
titrates with pKa values of 5.7 ± 0.3 and 6.9 ± 0.3, respectively. These values are 
significantly different from the pKa values of Lys-23 in the other backgrounds suggesting 
that the influence of stability on the pKa is not as simple as previously hypothesized. It is 
possible that the combinations of mutations alter the conformational landscape of the 
protein to such a degree that the ‘released’ conformation with the opened β-barrel is 
inaccessible, leaving the pKa of Lys-23 to be primarily determined by the protein 
transitioning from fully folded to fully unfolded. Another possible explanation involves 
the substitution of Asp-21, which has an elevated pKa of 6.5, to Asn which is present in 
both NVIAGA and ∆+NVIAGLA34. It is reasonable that this mutation is too near to the 
Lys and is interacting in such a way as to depress the pKa.  
 
4.5.2 Lys-36 
 In contrast to the complex behavior of Lys-23, Lys-36 has a pKa that is sensitive 
to the global stability of the protein. As the stability of the protein decreases from 13.8 
kcal/mol in ∆+NVIAGLA to 9.3 in NVIAGA, the pKa of Lys-36 shifts from a low value 
of 5.3 towards a higher, more normal value of 8.1 (Table 4.2 and Fig. 4.9). This is a 
substantial shift in pKa. The interpretation of this shift is that in the less stable 
background protein an open conformation in which Lys-36 can access water is populated 





Figure 4.9  pH dependence of the stability of Lys-36 variants. pH dependence of 
stability of the background protein ( ) and of the Lys-36 variant ( ). Difference in 
stability (∆∆G = ∆Gvar - ∆Gbackground) ( ). Dotted lines are for guiding the eye. Black 
solid line describes the fit (Eq. 4.2 or 4.3) and the apparent pKa of Lys-36 is at the bottom 
  
 
not causing major structural changes13. The CD spectra of the SNase variants with Lys-36 
did not reveal any large conformational changes. NMR spectroscopy studies will be 
useful to identify subtle conformational changes that might be responsible for the higher 
apparent pKa in NVIAGA. 
  The pKa of 6.3 of Lys-36 in GLA does not follow the pattern observed with the 
other proteins; it is too depressed. Again, this might be related to the effects of the NVIA 
substitutions on the conformational landscape. The pKa values suggests that GLA/L36K 
cannot reorganize to hydrate the buried Lys-63. The reorganized state must be higher in 
energy than the unfolded state. This would cause the pKa of Lys-36 to be solely 
dependent on the fully folded to fully unfolded populations, consistent with the data 
showing that the stability of GLA/L36K approaches 0 kcal/mol at pH of 6. 
 
4.5.3 Implications about determinants of pKa values of internal residues 
 It is known that the dynamic equilibrium between the different conformational 
states that constitute the energy landscape of a protein can be critical to function118. In the 
case of ionizable residues, their roles in biological energy transduction are often enabled 
by conformational reorganization which is why it is important to understand how the 
ionization of buried groups is coupled to reorganization and to shifts in the 
conformational ensemble. This can involve something as subtle as the reorganization of 
side chains and internal water molecules that enable proton pumping in 
bacteriorhodopsin80,84,129 to the more dramatic coupling between side chain fluctuations 
and large amplitude motions as in the rotary motor in ATP synthase19,85 or in the pH-
driven regulation of capsid assemblies130. The demonstration that the anomalous pKa 
 
value of a buried ionizable group can be affected by the global thermodynamic stability 
of a protein implies that the magnitude of the shift in pKa is governed partly by the 
probability of populating partial or locally unfolded conformational states, or a fully 
unfolded state in extreme cases, in which the previously buried ionizable group can be 
exposed to water.  
 The results of this study have important implications for structure-based pKa 
calculations of buried ionizable groups. We have already demonstrated using NMR 
spectroscopy that the pKa values of surface Glu and Asp residues in SNase are governed 
partly by the conformational flexibility of the backbone53. At pH values below the normal 
pKa of 4 for Glu and Asp in water, the backbone can become increasingly disordered in a 
way that maximizes exposure of Glu and Asp side chains to water. This suggests that to 
predict the pKa values of these residues, it is necessary to not only calculate the 
interaction of the ionizable side chains with other charged moieties and polar groups 
correctly. It is also necessary to reproduce the pH-dependence of the conformational 
fluctuations of the backbone so pKa values can be computed in all the conformational 
states that contribute to the apparent pKa values measured experimentally.   
 The case of buried ionizable groups appears to be more severe and the 
crystallographic data (Fig. 4.7) suggest that the conformational reorganization coupled to 
ionization of the buried groups can be more dramatic than what was observed with NMR 
spectroscopy for surface Asp and Glu residues. To predict the pKa values of these buried 
residues, the alternative conformations have to be predicted correctly and the pH 
dependence of the population in the ensemble has to be captured accurately. That is, the 
probability that the alternative states are populated in solution at the pH condition of 
 
interest has to be predicted which requires accurate calculation of Gibbs free energies 
which is a challenging proposition. Constant pH MD simulations attempt to explicitly 
reproduce the coupling between the change of ionization of a residue and the 
conformational reorganization associated with the change in charge131–133. Some 
computational models attempt to increase the accuracy of difficult cases of pKa prediction 
by more deliberate sampling of alternative backbone conformations134. Some of the data 
in this study, especially outliers such as GLA/L36K and NVIAGA/V23K, will be 
especially useful to guide efforts to improve computational methods. Efforts are ongoing 
to elucidate structural details of the conformational changes that are coupled to the 






Engineering of protein pH switches using buried ionizable groups with 




















 Proteins capable of sensing and responding to small changes in pH in the 
physiological range are of significant biotechnological interest, especially in the area of 
cancer therapeutics. Many natural pH sensors involve His residues, but engineering 
artificial pH sensors with ionizable residues that normally titrate in the pH range of 
interest has turned out to be extremely challenging. Here, we introduce an approach for 
engineering pH sensing proteins based on the use of Lys or Glu residues that titrate with 
anomalous pKa values as a result of being buried in the hydrophobic interior of a protein. 
In water, Lys and Glu titrate with pKa values of 10.4 and 4.4, respectively, far from the 
physiological pH range. When buried in the hydrophobic interior the pKa values of Lys 
and Glu residues can become highly depressed or elevated, respectively. These buried 
residues ionize in the physiological pH range triggering conformational reorganization. 
The utility of buried ionizable groups for design of artificial pH switches was illustrated 
in two variants of staphylococcal nuclease (SNase) with either the V66E/A109E or 
T62K/L125K substitutions. Far-UV CD and NMR spectroscopy along with equilibrium 
thermodynamic measurements were used to show that these two variants unfold globally 
and cooperatively in response to small changes in pH near pH 7. The variant with internal 
Lys residues is unfolded by a decrease in pH whereas the variant with the internal Glu 
residues unfolds in response to an increase pH. The exact range of pH where unfolding 
takes place is governed by the pKa values of the internal Lys or Glu residues and by the 
global thermodynamic stability of the protein. This strategy for the design of artificial pH 
sensors is based on general and transferable thermodynamic principles and can be used to 
engineering pH sensitivity in the structure or function of any protein. 
 
5.2 Introduction 
 Tight regulation of physiological pH is an essential organizing principle common 
to all living systems164. pH homeostasis is complex and involves the coupled regulation 
of chemical potentials of all ionic species, water, and osmolytes across bilayers. In 
eukaryotic cells, there are small, but meaningful, differences in the pH of the 
mitochondria (8.0), extracellular spaces (7.4), cytosol (7.2), endosomes (5.5-6.5), 
lysosomes, ER (7.2), nucleus (7.2) and the Golgi network (6.7-6.0)146. Nowhere is 
cellular pH constant; it changes as part of normal physiological processes. For example, 
acidification is a normal part of exercising muscle tissue under hypoxic conditions165, the 
progression of cellular apoptosis144, and endosomal and lysosomal maturation146. Cellular 
pH can also change as a result of trauma or disease, as in the case of acidification of 
ischemic tissue after stroke166, or of cancerous solid tumors through the Warburg 
effect167,168,153. 
 Given how tightly regulated intracellular pH is, it is not surprising that many 
proteins have evolved to interpret small changes in pH as important biochemical signals 
to modulate biological activity. For example, hemoglobin undergoes a conformational 
transition under acidic conditions in exercised muscle, lowering its binding affinity, 
thereby delivering oxygen where it is needed169. The haemagluttinin protein on the lipid 
bilayer of the influenza virus undergoes a global conformational transition when exposed 
to the acidic conditions of the endosome triggering fusion of the viral and endosomal 
bilayers, which is necessary for the release of the nucleocapsid into the cytoplasm155,170. 
Similar responses are present in flaviviruses171, filoviruses172, and in HIV130.  pH is 
thought to play an important role in many aggregation disorders, including several 
 
neurodegenerative diseases149–151,173 and type-2 diabetes174. Although global 
understanding of the pH-sensing machinery in cells is lacking, the molecular mechanisms 
whereby proteins drive key biological processes initiated by changes in physiological pH 
are beginning to be understood. 
 There is considerable interest in the development of artificial pH sensing proteins 
for biotechnological applications175,176. Small, pH-dependent peptides have been 
developed for delivery of therapeutic agents into cells156,177 and for targeting cancerous 
tumors for imaging157 or immunotherapeutic purposes59,178 pH-dependent fluorescent 
probes have been developed for quantitative determination of intracellular pH179–188. 
There is potential to modulate responses in cells using engineered alternate-frame 
folding158,189 or allosteric coupling190,191. pH-switches may even be used to purify specific 
proteins of therapeutic interest161 or modify them to improve efficacy192–194,160. 
Additionally, for many biotechnological uses, the translocation of a protein through a 
target cell’s bilayer will require an unfolding event, furthering the need to exploit a pH-
tunable conformational change.  
 The thermodynamic principles behind pH sensing are well established162. pH-
driven conformational changes that depend on differential proton binding between two 
different conformational states. This requires that ionizable groups in the different 
conformational states titrate with different pKa values. When the pH-sensing capacity of a 
protein is essential for biological function, the structural motif that acts as the pH sensor 
must be robust; pH sensors must be immune to spontaneous mutations. This might 
explain why, in the cases of hemoglobin, haemagluttinin, and other natural pH-sensing 
proteins, the pH-sensing motifs involve small contributions from many ionizable groups. 
 
Most of these motifs involve multiple histidine residues because this groups normally 
titrates in the physiological range of pH.   
 Engineering novel pH-sensing proteins by emulating the naturally occurring pH 
sensors based on histidine residues has turned out to be extremely challenging and might 
be impossible162. To engineer a distributed network of ionizable residues capable of pH 
sensing requires either introducing new ionizable residues or manipulating the pKa values 
of existing ones with arbitrary precision, a currently insurmountable challenge using 
computational or rational design methods. This problem is compounded by the need of 
novel switches to be highly cooperative; while natural pH switches have been optimized 
by evolution to coordinate many groups titrating at once162, tuning the pKa values of 
many histidines de novo to accomplish the same task is computationally impractical.  
 Here we introduce a novel approach for engineering pH sensing proteins that are 
active in physiological pH regimes by driving a conformational transition with large 
energetic contributions from a small number of Lys or Glu residues. The strategy is based 
on two observations: (1) Lys, Asp, and Glu buried in the hydrophobic interior of a protein 
have anomalous pKa values shifted by as many as 5 units from the normal pKa of 10.4, 
4.5, and 4.0 of Lys, Glu, and Asp in water, respectively35,2. These anomalous pKa values 
fall within the physiological pH range and are thus useful to sense changes in pH in this 
range. (2) The thermodynamic stability of proteins with ionizable groups with these 
highly anomalous pKa is pH-sensitive60. A single buried Lys with a depressed pKa 
changes the stability of the protein by 1.36 kcal/mol per pH unit away from the normal 
pKa of 10.4 for Lys in water. The ionization of these buried groups is therefore sufficient 
to trigger local or global conformational transitions35,2.  
 
5.3 Materials and methods 
5.3.1 Proteins  
 All variants were engineered with the ∆+PHS background of SNase using the 
QuickChange kits and purified following the protocol previously described49,195. 
 
5.3.2 pH titration monitored by Trp fluorescence and CD spectroscopy 
 Acid-base titrations monitored by changes in circular dichroism (CD) were 
performed with an Aviv CD spectrometer model 215 (Lakewood, NJ). Titrations that 
monitored Trp fluorescence were performed with an Aviv Automatic Titrating 
Fluorometer 105. All data were collected at 25°C in 100 mM KCl following procedures 
published previously35,2. Each sample was prepared with a protein concentration of ~50 
µg/mL with a buffer mixture consisting of 6.25 mM each of KAcetate, MES, Tris, and 
CHES in 100 mM KCl. Titrant was 0.3 N KOH or HCl. Midpoints of pH-driven 
transitions were obtained by non-linear least squares fits with a two state model. 
 
5.3.3 Thermodynamic stability   
 Guanidine hydrochloride (GdnHCL) titrations were performed with an Aviv 
Automatic Titrating Fluorometer 105 to measure thermodynamic stability over a wide 
range of pH values. All data were collected at 25°C. Samples were prepared with a 
protein concentration of ~50 µg/mL in 100 mM KCl. The buffers varied based on the pH 
of the measurement: 25 mM CAPS, 25 mM CHES, or 25 mM HEPES were used for pH 
ranges 9.5-10, 8-9, and 7-7.5, respectively. The titrant was 6 M GdnHCl in the 
appropriate buffer. The titrations were performed as described previously49,100. 
 
5.3.4 NMR spectroscopy  
 1H-15N HSQC experiments were measured for the V66E/A109E and 
T62K/L125K variants. Following previously established protocols34, samples were split 
in two, one for titrating with acid and one for base. Data were collected at 298 K on a 
Bruker Avance II-600 equipped with a cryoprobe. All spectra were processed with 
NMRPipe98 and analyzed with Sparky99.  
 
5.3.5 X-ray crystallography 
 Crystals of the V66E/A109E variant were grown using hanging-drop vapor 
diffusion. Protein concentration was 8.0 mg/mL. Crystals were grown with a 2/1/1 molar 
ratio of CaCl2 to 3’-5’-thymidine diphosphate to protein in 25 mM phosphate at 4°C at 
pH 6.0 and 30% MPD. (Table A4). Crystals were flash cooled in liquid nitrogen. 
Diffraction data were collected using a Bruker Duo Apex diffractometer. Frames were 
processed using Bruker’s software. Initial phases were obtained by molecular 
replacement methods in Phaser using the following search model: ∆+PHS (PDB 
id:3BDC) with solvent and heteroatoms removed, all B-factors set to 20.0 Å2 and side 
chains truncated to Ala at the mutation site and disordered side chains. Iterative model 
building and refinement were performed in Coot and the Refmac 5 suite of CCP4. 
Refinements were performed until convergence of Rfactor and Rfree. TLS refinement 





5.4 Results   
5.4.1 Design goals  
 The starting protein was a highly stable variant of SNase that is insensitive to pH 
over a wide range of pH values. The goal was to alter this protein so it would undergo a 
cooperative transition between fully folded and fully unfolded states in response to a 
small change in pH in the physiological pH range. The approach involved use of multiple 
buried Lys or Glu residues that have anomalous pKa value when the protein is in the fully 
folded state, and normal pKa values when the protein is unfolded. The pKa values are 
anomalous in the fully folded state because charges are incompatible with the 
hydrophobic and relatively dry interior of proteins; therefore, in the native state the 
equilibrium between charged and neutral forms of the ionizable moiety shift in favor of 
the neutral form. 
 
5.4.2 Thermodynamic principles  
 The potential for ionizable groups to trigger a conformational transition in 
response to a change in pH is governed by two factors: (1) the net magnitude of 
differences in pKa values of ionizable groups in the two different conformational states162, 
and (2) the global thermodynamic stability of the protein. Simulations in Figure 5.1 show 
how a single Lys with pKa depressed by 1, 2, or 3 pKa units, or one, two or three Lys 
residues with a pKa depressed by 1 unit affect the pH dependence of stability of a protein 
(Fig. 5.1B). The single Lys with a depressed pKa decreases the stability of the protein by 
1.36 kcal/mol per pH unit (at 298 K) in the range bracketed by the normal pKa in the 
unfolded state and by the depressed pKa in the native state (Fig. 5.1A). In contrast, the 
 
presence of two or three Lys residues gives rise to a steeper sensitivity to changes in pH, 
equivalent to destabilization by 1.36, 2.72, or 4.08 kcal/mol per pH unit, respectively 
(Fig. 5.1B).  
 The simulations in Fig. 5.1A and 5.1B show how one, two or three ionizable 
groups with shifts in pKa values of different magnitudes can affect the stability of a 
protein. Whether these groups poise the protein for structural response depends on the 
balance between the free energy stored in the form of differences in pKa values and the 
component of the net difference in the Gibbs free energy (Δ∆G°H2O  = ∆G°H2O  (folded) - 
∆G°H2O  (unfolded)) that is insensitive to pH. At the pH where the stability lost by 
shifting of pKa values is equal to the inherent, pH-independent component of stability, the 
folded and unfolded states of the protein will exist in equal amounts (i.e the ∆G°H2O = 0 
point).  
 
5.4.3 Selection of pH-sensing moieties  
 The internal Lys and Glu residues studied previously in SNase were engineered 
into a form of SNase made highly stable (∆G°H2O = 11.8 kcal/mol at 298 K) with 
truncations and substitutions (del 44-49, G50F, V51N, P117G, H124L, S128A). With the 
exceptions of Lys-92, Lys-104, Lys-100, and Glu-92 no single internal Lys or Glu was 
sufficient to unfold SNase globally35,2. Simulations based on the experimentally 
determined thermodynamic stability of the variants and the measured pKa values were 
used to identify pairs of Lys or Glu residues likely to trigger global unfolding in the 
neighborhood of pH 7.4, equivalent to the pH of human blood146. In the face of evidence 





Figure 5.1 Simulations of the effects of buried ionizable residues with anomalous pKa values 
on the pH dependence of thermodynamic stability of proteins. This case represents a protein 
with internal Lys residues. (A) pH dependence of stability of the background protein, the ∆+PHS 
variant of SNase (solid). Variant in which the buried Lys has a normal pKa of 10.4 (dashed) and 
an anomalous pKa of 7 (dotted). (B) Consequences of the insertion of internal Lys residue(s) on 
the stability of a protein relative to stability at high pH. Case of single Lys with a pKa shift of 1, 2, 
or 3 pH units (solid thick, medium, thin lines, respectively) and 2 or 3 Lys with pKa shift of 2 pH 




an approximation unlikely to hold in all cases precisely because burial an ionization of 
internal residues are coupled to conformational reorganization.   
 Based on the simulations two variants were selected for detailed study: the variant 
with T62K/L125K and the variant with V66E/A109E. The crystal structure of the 
V66E/A109E protein was obtained but the T62K/L125K protein resisted crystallization 
(Fig. 5.2A and Table A4). Crystal structures of the individual Lys mutations (PDB id: 
3DMU, 5C1E) show almost no deviations from ∆+PHS. The double Glu variant shows 
that the Glu-66 is fully buried and Glu-109 has slight accessibility to solvent-accessible, 
up to 5 Å2 accessible to a crystallographic water (Fig. 5.2B). The structure of the double 
variant is almost identical to that of the background Δ+PHS protein with the exception of  
the loop region comprising residues 41 to 53. Whereas the crystal structure of the single 
variant, V66E (PDB id: 5EGT), is nearly identical to ∆+PHS, this same deviation in the 
loop region is seen in the single variant, A109E (PDB id: 4YIJ). 
 
5.4.4 pH dependence of stability 
 The T62K/L125K protein was designed to be stable at high pH, where the Lys 
residues are neutral, and to unfold near pH 7.4, where normally they would be charged. 
In contrast, the V66E/A109E variant was designed to be stable at low pH, where 
carboxylic groups are usually neutral, and to unfold at higher pH, where carboxylic 
groups are normally charged. This behavior was demonstrated by measuring 
thermodynamic stability (∆G°H2O) as a function of pH using chemical denaturation 
monitored by Trp fluorescence (Fig. 5.3A, Table 5.1). The background protein, referred 






Figure 5.2 Crystal structure of the ∆+PHS/V66E/A109E variant of SNase. (A) 
Overlay of the structures of the background protein, ∆+PHS (gray) and the 
∆+PHS/V66E/A109E variant (gold) (PDB ID 4OL7). Side chains of Glu-66 and Glu-109 
are shown, as well as side chains in contact with the internal Glu residues. Large 
differences in the conformation of the backbone are highlighted in cyan. Crystallographic 
waters that coordinate internal Glu residues are represented in blue. (B) 
Microenvironment of the Glu-109 side chain showing close proximity to surface group 







Figure 5.3  pH dependence of thermodynamic stability (∆G°H2O) and difference in 
stability (∆∆G°H2O) of pH switch proteins. (A) pH dependence of thermodynamic 
stability (∆G°H2O) of the ∆+PHS form of nuclease (black), ∆+PHS/T62K/L125K (red) 
and ∆+PHS/V66E/A109E (blue) variants. Solid lines are meant only to guide the eye. (B) 
Difference in stability, calculated as ∆∆G° = ∆G°(variant) – ∆G°(∆+PHS). Dashed lines 
representing ideal, expected behavior from the titration of 1 or 2 groups with anomalous 
pKa, with slopes of 1.36 or 2.72, respectively. 
  
 
Table 5.1  Thermodynamic parameters of ∆+PHS/T62K/L125K and 
∆+PHS/V66E/A109E 
 
Protein pH ∆G°H2O (kcal/mol) Cm m 
∆+PHS 9.9 10.3 ± 0.1   
 9.5 11.3 ± 0.1   
 9.0 11.5 ± 0.1   
 8.5 11.6 ± 0.1   
 8.0 11.9 ± 0.1   
 7.0 11.9 ± 0.1   
 6.5 11.9 ± 0.1   
 6.0 11.7 ± 0.1   
 5.5 11.7 ± 0.1   
 4.9 11.8 ± 0.2   
 4.4 11.0 ± 0.2   
 3.9 9.5 ± 0.2   
∆+PHS/T62K/L125K 9.8 4.1 ± 0.1 0.7 6.1 ± 0.1 
 9.4 3.6 ± 0.4 0.6 6.1 ± 0.4 
 9.0 3.0 ± 0.3 0.5 6.2 ± 0.4 
 8.5 2.2 ± 0.4 0.3 6.2 ± 0.5 
 8.0 1.1 ± 0.5 0.2 6.0 ± 0.8 
∆+PHS/V66E/A109E 6.5 0.6 ± 0.6 0.2 5.9 ± 1.2 
 6.0 1.9 ± 0.5 0.4 5.7 ± 0.7 
 5.5 3.1 ± 0.2 0.5 6.0 ± 0.2 
 4.9 3.7 ± 0.3 0.7 5.6 ± 0.1 
 4.3 3.3 ± 0.2 0.6 4.9 ± 0.1 




sensitivity in this region can be attributed to the internal Glu or Lys residues. The 
consequences of the internal Lys or Glu residues on the pH sensitivity of the protein are 
fully consistent with what observed previously61,62,63. For both proteins ΔG°H2O 
approaches 0 near pH 7, consistent with the idea that the proteins will be unfolded near 
neutral pH. 
 Close examination of the dependence of ∆G°H2O on pH (Δ∆G°H2O / pH where 
∆∆G°H2O = ∆G°H2O (variant) - ∆G°H2O (background)) was used to examine if one or both 
ionizable groups play a role in determining the pH sensitivity of the variants. Based on 
previous studies from this laboratory, it is reasonable to assume that the pH sensitivity the 
variants can be largely attributed to the internal Glu and Lys residues. The rate of change  
of ∆G°H2O with pH for every shift in pKa is 1.36 kcal/mol for a single titrating group, or 
2.72 kcal/mol for two independently titrating groups. If both Glu-66 and Glu -109 or Lys-
62 and Lys-125 have shifted pKa values, the data in Fig. 5.1B would fit well with the 
plotted ideal slopes of ± 2.72 kcal/mol/pH. This is the case for the T62K/L125K protein. 
The V66E/A109E variant fits a 2-group slope at pH > 5.5 but is closer to a 1-group slope 
at pH < 5.5 indicating that the interactions between E109 and D21 observed in the crystal 
structure (Fig. 5.2B) affects the pKa values of these groups and that one of these two 
groups has a more normal pKa than when the group exists in the presence of the other. 






5.4.5 pH switching behavior  
 Trp fluorescence, far-UV circular dichroism (222 nm), and NMR spectroscopy 
showed that the two proteins switch cooperatively between folded and unfolded states 
near pH 7.4 and in response to changes in pH. 
The region of interest in the acid/base titrations by Trp fluorescence (Fig. 5.4A) 
and far UV-CD (Fig. 5.4B) is the one centered near pH 7. The acid titration observed for 
the double Glu variant (red) is of no special interest; it is shifted to higher pH relative to 
the background protein (black) because its thermodynamic stability is decreased. The 
midpoints of the unfolding of the double Lys variants monitored by Trp fluorescence and 
CD 222 nm were 7.5 and 7.4, respectively. For the double Glu variant they were 6.8 and 
6.9, respectively (Table 5.2). The pH switch encoded by the Glu residues is more 
sensitive than the  
one encoded by Lys residues, thus the transition between folded and unfolded states is 
steeper. 
The double Lys variant exhibited a secondary transition at pH < 6, more clearly 
apparent in the CD spectroscopy data (Fig. 5.4B). The baselines for the double Glu 
variant at pH > 7 suggest that the unfolded states populated by the two different proteins 
near pH 7 are structurally different. Full CD scans in the far-UV range support the notion 
that the base unfolded form of the double Glu variant is more structured than the 
unfolded form of the double Lys variant (Fig. 5.5). Indeed the CD data are consistent 
with the loss of secondary structure relative to fully folded and unfolded SNase. The 
spectrum of the V66E/A109E protein at pH 5, where it is most stable, has minima near 
208 nm and 222 nm like that of the fully folded reference spectrum but the ratio is  
 








∆+PHS  CD (222 nm) 2.06 ± 0.02 - 
  Fluorescence 2.03 ± 0.08 4.39 ± 0.41 
∆+PHS/T62K/L125K 8.0 CD (222 nm) 7.43 ± 0.03 3.35 ± 0.31a 
  Fluorescence 7.54 ± 0.05 - 
∆+PHS/V66E/A109E 5.9 CD (222 nm) 6.75 ± 0.01 - 
  Fluorescence 6.92 ± 0.02 - 
 








Figure 5.4.  pH titrations of switch proteins. Acid titrations monitored by (A) Trp fluorescence 
and (B) CD at 222 nm for ∆+PHS (black), ∆+PHS/V66E/A109E (red), and ∆+PHS/T62K/L125K 





Figure 5.5  Far-UV CD spectroscopy of switch proteins. Far-UV wavelength scans for 
(A) ∆+PHS/T62K/L125K and (B) ∆+PHS/V66E/A109E at pH 5 (red), 9 (blue), and 7.5 
or 7 (brown) for (A) and (B), respectively. Black curves are representative of folded 




reversed; the signal at 208 nm is stronger than at 222 nm. As the pH increases, there is a 
further shift in the ratio of minima, which is expected of a protein that has lost secondary 
structure. The spectra of the T62K/L125K protein show the same shift in the ratio 208 nm 
to 222 nm when the pH decreased, as expected. The spectrum at pH 9 closely matches 
that of the folded state while the spectrum at pH 5 appears similar to that of the unfolded 
state.   
The agreement between the structural transitions reported by fluorescence and by 
CD was excellent. 1H-15N HSQC spectra collected at pH 5.09 and 7.94 for the 
V66E/A109E protein and at pH 6.49 and 8.53 for the T62K/L125K protein were used to 
obtained a more atomistic level of the structural changes involved in the pH switch (Fig. 
5.6). At the higher pH, the spectrum for the T62K/L125K variant is well dispersed and 
matches closely the spectrum of the background protein (data not shown). At low pH  
where the protein was expected to be unfolded, all resonances collapse into the pattern 
without dispersion, characteristic of an unfolded protein. The case of the V66E/A109E 
protein is more complex. At pH 5.09 where the protein as expected to be fully folded, the 
spectrum shows peaks consistent with a fully folded population alongside peaks 
characteristic of unfolded protein. On the other hand, at pH 7.94 where the protein is 








Figure 5.6  NMR spectroscopy of ∆+PHS/T62K/L125K and ∆+PHS/V66E/A109E. 
HSQC spectra of ∆+PHS/T62K/L125K at pH 6.49 (a) and pH 8.53 (b) and 





 Based on previous measurements demonstrating that buried ionizable groups 
titrate with anomalous pKa values, many close to 7, and on fundamental principles of 
linkage thermodynamics, we successfully engineered two different kinds of robust pH 
switch proteins that are activated by changes in pH in the physiological range. We have 
demonstrated that buried ionizable groups with anomalous pKa values are useful sensors 
of pH and can be used to engineer pH switches capable of undergoing large, highly 
cooperative conformational transitions between fully folded and unfolded states in 
response to small changes in pH in the physiological range.   
 The ∆+PHS form of SNase used in all our previous studies1,2,35,60 is too stable to 
be unfolded by the ionization of a single residue, but simultaneous burial of two ionizable 
groups with anomalous pKa was sufficient to turn the variants into pH-sensitive switches 
that operate near pH 7. The residues that were substituted by Lys or Glu were selected 
partly based on their locations, on the measured pKa values when buried singly, and on 
the thermodynamic consequences of the substitutions60. Because each Lys or Glu 
experiences a substantial shift in pKa relative to normal pKa values in water, this approach 
avoids the necessity of having to make many substitutions to engineer the pH sensitivity 
of the switch. 
 The predicted pHmid values based on our simulations for the T62K/L125K and 
V66E/A109E proteins were 8.0 and 5.9 respectively. They were within 1 pH unit of the 
measured values (Table 5.1), suggesting that, at least in the case of these ionizable groups, 
although additivity is not perfect, information about the single buried ionizable groups is 
sufficient to predict the range of pH where the switch will be active.   
 
 The potential of buried Lys and Glu residues to act as pH sensors is inherently 
different. The Lys side chain is longer and more flexible and could, in principle, be more 
difficult to bury than the shorter Glu side chain. On the other hand, the charge in the Glu 
side chain is delocalized, raising the possibility that burial of Glu residues is tolerated 
better than Lys. The properties of buried Lys and Glu and even Asp residues as pH 
sensors need to be examined further. 
 The data show that the switch proteins do switch between mostly folded and 
mostly unfolded states. One of the potential problems that could have been encountered is 
with lack of cooperativity in the structural transition of interest. The protein could have 
resolved the electrostatic crisis originating with burial of an ionizable group in a 
hydrophobic environment with a local conformational reorganization, as suggested by 
NMR spectroscopy studies52. Hysteresis could have been an issue but this was ruled by 
fluorescence behaviors showing that the behavior and pHmid values from acid or base 
titrations were the same (data not shown). 
 The degree of pH-driven unfolding of the two types of switch proteins was not the 
same. The CD spectroscopy data for the T62K/L125K variant suggests that this protein 
populates an intermediate state between the folded and the acid unfolded state. This state, 
however, is not observed in the HSQC data because at low pH the HSQC spectra report 
on the unfolded state because it is the dominant population, whereas the CD and 
fluorescence experiments report primarily on the folded population. Overall the data 
show that at high pH the folded state is the dominant state and that at low pH the 
dominant state is the unfolded one.  
 
 The case of the V66E/A109E protein is more complex. The crystal structure (Fig. 
5.2A) shows that except for rearrangement of a loop, the structure of the double Glu 
variant is comparable to the fully folded parent protein. However, in pH titrations 
monitored by CD and fluorescence, the acid and base denatured baselines do not reach 
the same signal levels. The free energy gap between the folded and base-unfolded states 
might be small enough to allow sporadic fluctuations to the folded state. This is 
consistent with the NMR data showing a predominantly unfolded population while the 
CD and fluorescence data betray the presence of folded protein even at high pH. The 
HSQC spectrum of the V66E/A109E protein at pH 5 suggests that populations of folded 
and partially or fully-unfolded protein co-exist. The V66E and A109E substitutions may 
have triggered local unfolding or destabilization beyond what is detectable in a crystal 
structure. This is consistent with fact that the CD wavelength scan at pH 5 does not 
resemble either the folded or the unfolded standard. This does not run contrary to the 
acid-base titration experiments as those depend on a Trp or some amount of secondary 
structure to be present. Overall the data suggest that the T62K/L125K variant switches 
between fully folded and fully unfolded better than the V66E/A109E variant. The reasons 
behind these effects will be examined by engineering many other pH switches with 
double Lys and double Glu substitutions in SNase.  
 The approach for the design of these pH switch proteins is based on general 
physical properties of proteins and on general thermodynamic principles. The approach 










 The ability to alter proteins rationally to render them sensitive to small changes in 
pH in physiological pH regimes is highly desirable for many biotechnological 
applications. Natural pH switches usually depend on His residues with pKa values near 
physiological pH but rational design of pH switches based on residues that normally 
titrate in the pH range of interest has proven to be very challenging. Previously we 
showed that staphylococcal nuclease can be converted into a pH switch simply by 
substituting internal positions 62 and 125 with Lys. This artificial pH sensor responds to 
small changes in pH near pH 7 with a highly cooperative conformational transition. Now 
we have studied twenty-five variants of staphylococcal nuclease, each with two internal 
Lys residues, to demonstrate that this is a robust design principle for the engineering of 
pH switch proteins active in the physiological range of pH. The internal Lys residues that 
were used titrate with pKa values that are depressed relative to the normal pKa of 10.4 for 
Lys in water. Trp fluorescence and CD spectroscopy were used to demonstrate that the 
majority of these proteins act as pH switches that cooperatively unfolding in response to 
small changes in pH at or near physiological values. The pH dependence of stability was 
also measured to characterize the H+ binding reaction. Crystal structures suggest that 
when the Lys residues are buried and neutral the structure of the protein is fully folded 
and very similar to the parent protein. As the pH approaches the pH of unfolding, local 
structural rearrangements are observable. This design principle for the engineering of pH 
switches with buried Lys residues with depressed pKa values is based on fundamental 




 pH is very tightly regulated in all living organisms. Metabolic processes135–137, 
proton/ion-coupled transport138,139, and H+-ATPases140,141 work in concert to achieve and 
maintain specific distribution of pH values in different parts of the organism. Cell 
growth142, motility143, apoptosis144 and many other cellular processes are highly sensitive 
to pH. Pathological conditions such as osteoporosis145,146, cardiac arrhythmias or 
failure147,148, and some protein aggregation diseases149–151 are also known to be influenced 
by transient or permanent alterations in pH homeostasis. The pH is slightly different in 
different parts of the cell. For example, the cytoplasm has a pH near 7.2, while 
mitochondria are more basic and endosomes are more acidic than the cytoplasm146. 
Dysregulation of pH in solid cancerous tumors constitutes a striking example of the 
importance of proper pH regulation152–154. Despite recognition that changes in pH act as 
biological signals, that proteins serve as the receptors for these signals, and that 
dysregulation is central to progress of many pathological states, the manner in which H+ 
act as a biological messenger is only now beginning to be examined systematically. 
 Many proteins have evolved to rely on small changes in pH as a signal to 
modulate biological activity. In some of these proteins, changes in pH influence function 
by triggering conformational transitions. For example, the haemagluttinin protein of the 
influenza virus undergoes a global conformational reorganization when the virus is 
exposed to the acidic conditions of the endosome. This conformational change triggers 
fusion of the viral and endosomal bilayers necessary for the release of the nucleocapsid 
into the cytoplasm155.  
 The increased recognition of the role of pH dysregulation in pathological 
 
conditions such as cancer has led to attempts to exploit the characteristic pH profile of 
cancerous tumors for therapeutic or diagnostic purposes. One of the hallmarks of cancer 
is the acidification of the extracellular environment. Small peptides have been developed 
to transport genes or small molecules into cells as a delivery mechanism for gene 
therapy156 or for cell regulation and diagnostic imaging of cancerous tumors157. Scanning 
mutagenesis has been employed in attempts to engineer pH sensitive antibodies that can 
exploit the pH differences between cancerous and normal tissues59. pH switch proteins 
have also been designed by either combining proteins with pre-existing switch-like 
behavior158,159 or introducing mutations to a previously pH-insensitive protein59,160,161.  
 The ability of a protein to act as a pH sensor that responds to a small change in pH 
depends on the differential H+ binding affinities of ionizable residues between different 
protein conformations and on the free energy difference between these conformational 
states162. The ionizable residues responsible for pH sensitivity must titrate with different 
pKa values in the different conformational states of the protein. Natural pH sensors tend 
to distribute the pH sensing activity into small contributions from many ionizable 
residues. This ensures a robust response insensitive to spontaneous mutations. Emulating 
this distributed pH sensor mechanism in the lab is very challenging because every 
attempt to alter the pKa value of a residue also alters the thermodynamic stability of the 
protein, which is one of the determinants of pH sensing activity162. In this study we test a 
design principle for the engineering of pH sensing proteins that depends on harnessing 
very large contributions from a small number of ionizable residues with highly 
anomalous pKa values.  
 A preliminary set of experiments showed that staphylococcal nuclease (SNase) 
 
could be turned into a pH sensor that responds with global unfolding near pH 7, simply 
by burial of either two Lys residues or two Glu residues (Chapter 5). These buried 
ionizable residues had anomalous pKa values, depressed for the Lys residues and elevated 
for the Glu residues. These shifts in pKa render the stability of the protein highly pH 
sensitive. In the protein with two internal Lys residues, the stability decreases with 
decreasing pH, and in the one with two Glu residues, it decreases with increasing pH. 
Stability is lost at the rate of approximately 1.36 kcal/mol per pH unit for every buried 
ionizable group with a shifted pKa 2. The two proteins that were studied undergo highly 
cooperative unfolding transitions near pH 7 driven by the ionization of the two buried 
groups.  
 The pKa values of 25 internal Lys residues in SNase have been measured 
previously2. The pKa values of most of these Lys residues are depressed below the normal 
pKa of 10.4 of Lys in water. These shifts in pKa represent a substantial thermodynamic 
force capable of driving local or global conformational changes2,35,123. In this study, we 
took advantage of the existing database of Lys residues with anomalous pKa values to 
show that many different pairs of buried Lys residues could be used to turn SNase into a 
pH switch. The goal was to demonstrate the robustness of this design principle and to 
identify cases where it fails.  
 A set of 25 variants of SNase was engineered using pairs of internal Lys residues. 
The Lys residues were introduced in different elements of secondary structure. The 
distances between the two Lys residues was varied to determine the extent to which this 
affected the cooperativity of the unfolding of the protein. Trp fluorescence and CD 
spectroscopy were used to monitor the structure of the protein in pH titrations and to 
 
measure the thermodynamic stability so we could establish if one or both buried Lys 
residues were involved in H+ binding upon unfolding. Thermodynamic additivity of the 
effects of the two Lys residues was tested by comparing the behavior of the proteins with 
one or two internal Lys residues. Crystal structures were obtained for a few double Lys 
variants to examine structural consequences of burial of two internal Lys residues in the 
hydrophobic interior of the protein. 
 
6.3 Materials and methods 
6.3.1 Proteins 
 Variant proteins were created using the Stratagene Quickchange kit to introduce 
mutations into a hyperstable form of SNase known as ∆+PHS. Each protein was 
expressed in E. coli BL21/DE3 cells (Invitrogen) transformed with the plasmid Pet24A+. 
Proteins were expressed and purified by the method of Shortle and Meeker69 as modified 
by García-Moreno et al49. 
 
6.3.2 Equilibrium thermodynamics 
 The Gibbs free energy of unfolding (∆G°H2O) and pHmid were measured using the 
intrinsic fluorescence of Trp-140 to monitor unfolding as described previously71. GdmCl 
(UltraPure grade, Invitrogen Life Technologies) was used as a denaturant. pH titrations 
were performed using 0.3 N HCl. Midpoints of pH-driven transitions were obtained by 
non-linear least squares fits with a two or three state model. All measurements were 
performed with an ATF-107 automated fluorometer (Aviv Inc.) at 25 °C. The protein 
 
concentration in these experiments was 50 µg/mL in a buffer consisting of 100mM NaCl 
with 25 mM CAPS, CHES, TAPS, or HEPES as appropriate. 
 
6.3.3 CD spectroscopy 
 An Aviv model CD-420 circular dichroism spectrophotometer was used to collect 
far-UV CD spectra. Samples consisted of 50 µg/mL protein, 100 mM KCl and 25 mM 
TrisHCl (pH 7) or KAc (pH 5). Spectra were collected for a volume of 1 mL of protein 
sample in a 0.1 cm path-length quartz cuvette at 25 °C. Measurements were taken at 
wavelength intervals of 1 nm using an averaging time of 3 s. 
 
6.3.4 X-ray crystallography 
 The proteins were crystallized using the hanging drop vapor diffusion method. 
The reservoir solution contained 2-methyl-2,4-pentanedio (MPD) (Sigma-Aldrich Corp.) 
and 25 mM potassium phosphate. The protein was pre-incubated with 3’-5’-thymidine 
diphosphate (pdTp) and calcium chloride in a 1:2:3 molar ratio before mixing in a 1:1 
ratio with the reservoir solution and incubated at 4 °C. Crystals were flash cooled in 
liquid nitrogen. Diffraction data were collected using a Bruker Duo Apex diffractometer 
and processed using Bruker’s software. Initial phasing for all structures was obtained by 
maximum likelihood-based molecular replacement method with Phaser software within 
the CCP4 suite using a previously solved structure for ∆+PHS (PDB ID: 3BDC) as a 
search model. Prior to molecular replacement, 3BDC.pdb was modified by truncating the 
substituted amino acid for the appropriate variant to Ala, removing all water molecules, 
and resetting all B-factors to 20.0 Å2. Model building using Coot and refinement with 
 
Refmac5 were performed iteratively to yield the final models. R-work and R-free 
residuals were monitored throughout the refinement. Water molecules were added during 
model building to reflect spherical electron density in 2Fo-Fc maps that were within 3.5 
Å of a hydrogen bonding partner in the protein model. Final checks of the structures were 
done using SFCHECK and PROCHECK programs. 
 
6.4 Results 
6.4.1 Design principle and selection of Lys residues 
 Water is usually a better solvent for charges than the dry interior of a protein. 
Therefore, removal of a charge from water and burial in a protein is thermodynamically 
unfavorable. When an ionizable residue is buried in the interior of a protein, it can lead to 
a shift in the pKa in the direction that promotes burial of the ionizable group in the neutral 
state60. For Lys residues, which in water titrate with pKa values near 10, burial in the 
protein interior leads to the depression of its pKa, in some cases by as many as 5 units2. 
This shift in pKa renders the stability of the protein highly sensitive to pH. Starting at the 
pH corresponding to the normal pKa of 10.4 for Lys in water, the stability of the folded 
protein decreases with decreasing pH at a rate of 1.36 kcal/mol (at 298 K). The stability 
decreases until a pH is reached where the Lys residue becomes charged.  
 A proof-of-principle study with a SNase variant with Lys-62 and Lys-125 showed 
that when two Lys residues are buried, the protein undergoes a highly cooperative 
transition between folded and unfolded states over a narrow range of pH near pH 7 
(Chapter 5). When two Lys residues are buried in the same protein the stability of the 
protein decreases by 2 * 1.36 = 2.72 kcal/mol/pH. The pH where the conformational 
 
transition is observed corresponds to the pH where ∆G°H2O = 0. This pH is determined by 
the relationship between the intrinsic, pH independent component of the stability of the 
protein, the magnitude of the shifts in pKa, and the number of ionizable groups with 
shifted pKa values. To achieve unfolding near pH 7, the decrease in stability originating 
with shifts in pKa values has to be of magnitude comparable to the pH-independent 
component of stability.  
 The internal Lys residues previously studied were engineered into a highly stable 
variant of SNase2, called ∆+PHS, which has a stability of 11.9 kcal/mol at pH 7. In the 
case of Lys-92, the ionization of the single Lys was sufficient to unfold SNase, but in 
most other variants the protein remained largely folded and native like under conditions 
of pH in which the internal Lys residues were charged. The effect of the ionizable 
residues on stability of the Lys-containing variant relative to the background protein 
(∆∆G°H2O) can be described with:  
 
   Eq. 6.1 
 
where ∆∆G°H2O,mt is the free energy difference between the reference protein and the 
variant with internal Lys under conditions of pH where the Lys is normally neutral (i.e. 
pH > 10). z is the charge of the internal ionizable side chain, and pKaD and pKaN are the 
pKa values of the ionizable group in the denatured and native ensembles. The values of 
pKaD and pKaN are not coupled so this analysis does not suffer from uncertainties related 
to the properties in the denatured state. The rightmost term in Eq. 6.1 describes the 
contribution of ionizable residues to the pH-dependence of stability. This term shows that 
 
the stability of the protein with a single Lys with anomalous pKa changes by 1.36 
kcal/mol for every pKa unit difference between pKaD and pKaN.  
 The summation accounts for the fact that more than one group with anomalous 
pKa can be present in the protein. Note that if two or three Lys with depressed pKa values 
were present in the protein, its thermodynamic stability (∆∆G°H2O) would decrease with 
decreasing pH with 2.72 or 4.08 kcal/mol/pH. Thus, by increasing the number of internal 
Lys residues with anomalous pKa values the conformation of the protein can be made to 
shift from the folded to the unfolded state in the physiological range of pH, near 7. In the 
case of variants with buried Lys residues, the protein will be folded at high pH and 
unfolded at more acidic pH values. If Asp or Glu were buried, the trend would be 
opposite: folded in acidic pH and unfolded under more basic conditions.  
 The selection of the pairs of Lys residues for engineering the pH switches that 
would be active in the pH range 6 to 8 was based on their pKa values and on the 
thermodynamic stability (∆G°H2O) of the proteins with the buried Lys (Table 6.1). 
Simulations of the pH dependence of stability were performed using Eq. 6.1 based on the 
previously measured pKa values and ∆G°H2O and based on three assumptions: (1) the 
thermodynamic effects of the individual Lys residues are additive, (2) the pKa value of 
the Lys residues in the double Lys variant remain the same as those measured in the 
single-Lys variants, and (3) the unfolding of the protein is cooperative between the fully 
folded and fully unfolded states. The simulations identified pairs of Lys residues that led 
to the condition of ∆G°H2O = 0 in the range pH 6 to 8. Twenty-five variants were selected 
to demonstrate that the concept behind the design of the original pH switch engineered 
with Lys-62 and Lys-125 was robust, that SNase could be converted into a pH switch  
 
Table 6.1. Predicted and measured midpoints of pH unfolding of double Lys 
variants. 
 pKa of  
1st Lysa 
pKa of  
2nd Lysa 
pHmid   
Variant predicted corrected 1st pHmid 2nd pHmidb 
V23K/T62K 7.3 8.1 7.9 7.5 4.3 - 
L25K/T41K 6.3 9.3 6.8 5.1 5.2 4.7 
L25K/T62K 6.3 8.1 8.0 7.5 7.7 4.6 
L25K/A109K 6.3 9.2 8.3 7.5 7.3 - 
L25K/L125K 6.3 6.2 9.0 8.7 8.7 - 
L36K/T62K 7.2 8.1 7.5 7.1 5.5 - 
L36K/I72K 7.2 8.6 8.8 8.6 8.7 - 
L36K/V74K 7.2 7.4 8.7 8.7 8.5 - 
L36K/L103K 7.2 8.2 8.4 8.2 6.8 - 
L36K/A109K 7.2 9.2 7.9 6.8 6.4 - 
T41K/V66K 9.3 5.6 6.5 6.6 5.2 - 
T41K/I92K 9.3 5.3 7.8 7.0 6.5 - 
T41K/V99K 9.3 6.5 7.8 6.8 6.2 - 
T41K/L125K 9.3 6.2 6.7 5.1 5.7 - 
T62K/V66K 8.1 5.6 7.8 7.8 5.7 4.6 
T62K/V74K 8.1 7.4 8.4 7.3 7.9 6.5 
T62K/A90K 8.1 8.6 8.4 7.6 8.3 6.1 
T62K/Y91K 8.1 9.0 7.7 4.8 5.4 - 
T62K/V104K 8.1 7.7 8.7 7.9 8.6 - 
T62K/L125K 8.1 6.2 8.0 7.5 7.6 - 
V66K/A109K 5.6 9.2 8.1 7.9 6.8 - 
I72K/V74K 8.6 7.4 8.9 8.7 8.0 4.8 
I72K/L103K 8.6 8.2 8.6 7.9 8.3 5.9 
V74K/L103K 7.4 8.2 8.6 8.4 8.9 - 
V74K/A109K 7.4 9.2 8.1 7.1 8.6 6.2 
 
a Values from Isom et al. 2 
b More acidic pHmid if data were fit using a three-state model 
  
 
with many other pairs of internal Lys residues so long as their pKa values were depressed. 
 
6.4.2 Acid unfolding  
 The unfolding of the proteins as a function of pH measured with Trp fluorescence 
demonstrates that the majority of the double Lys variants of SNase act as pH switches 
near physiological values (Fig. 6.1, Table 6.1). Of the 25 variants examined, 17 unfolded 
in an apparent two-state manner; the other eight unfolded in an apparent three-state 
manner (Fig. 6.1). Some of the variants with apparent three-state unfolding were 
classified as such because the fluorescence data show two clear transitions (e.g. 
I72K/V74). Other variants were categorized as not being two-state based on the lack of 
an identifiable sharp transition between folded and unfolded baselines (e.g. L25K/T41K). 
 The pHmid of unfolding was predicted for each protein using the previously 
measured pKa of the Lys in the single Lys variants and known values for the stability of 
these variants at high pH where the Lys residue can be assumed to be neutral. Of the 17 
proteins with apparent two-state behavior, 5 proteins unfold with pHmid values within 0.5 
pH units of the predicted values. Four of the 8 variants that unfolded in an apparent three-
state manner also had a transition with pHmid that was within 0.5 units of the expected 
value. Because the ∆+PHS background protein begins to unfold at pH > 10, the highest 
∆G° measurements that were possible were done at pH values below the normal pKa of 
10.4 for Lys in water. When the predicted pHmid values were corrected for the small error 
introduced by the inability to measure ∆G° at pH 11.4, an additional 5 of the two-state 
unfolding variants had pHmid within 0.5 pH units of predicted values. Not only do the 





Figure 6.1 Acid titrations of variants of SNase with double Lys substitutions, 
monitored with Trp fluorescence. Acid unfolding of the background protein, ∆+PHS 
(black). Acid unfolding of double Lys variants with three-state unfolding (grey), two-
state unfolding with pHmid value between pH 6-8 (pink), and two-state unfolding with 




that shift cooperatively between folded and unfolded states in response to small changes 
in pH in the physiological pH, the relatively good agreement between calculated and 
measured pHmid values show that in most variants the properties of the individual Lys 
residues and their effect on the thermodynamic properties of the protein are additive. 
 
6.4.3 pH dependence of thermodynamic stability 
 The pH-dependence of the difference in stability between variant and background 
protein (∆∆G°H2O = ∆G°H2O,variant - ∆G°H2O,background) was measured (Table 6.2) because the 
slope of ∆∆G°H2O versus pH is useful to distinguish between two possible mechanisms: 
(1) Both introduced Lys residues titrate with depressed pKa values and the two residues 
ionize concomitant with global unfolding. In this situation the slope of ∆∆G°H2O vs pH 
will decrease by 2.72 kcal/mol per pH unit. (2) One of the two Lys residues has a normal 
pKa value because a subglobal conformational transition allows the Lys side chain to 
reach water. This destabilized and partially unfolded protein is then unfolded globally by 
the Lys with the depressed pKa that gives rise to the pH-dependence of stability. In this 
the case the slope of ∆∆G°H2O vs pH will decrease by 1.36 kcal/mol per pH unit.  
 Of the 25 proteins, 10 variants exhibited a pH-dependence consistent with two 
Lys residues with depressed pKa; 9 variants had slopes consistent with only one Lys with 
depressed pKa. The remaining 6 variants showed mixed behavior in which the ∆G°H2O 
begins decreasing at high pH with a rate consistent with two Lys residue with depressed 
pKa before the rate changes to a slope consistent with only one group with anomalous 
pKa. It is possible that for these proteins, the two Lys residues have different pKa values 
than for the single-site variants or that one of the Lys residues becomes solvated prior to 
 
Table 6.2: Thermodynamic stability (∆G°H2O) measured for the background protein 










∆+PHS 10.0 10.1 (0.1)          - 
9.9 10.4 (0.1)          - 
9.8 10.4 (0.1)          - 
9.5 11.3 (0.1)          - 
9.4 11.3 (0.1)          - 
9.1 11.5 (0.1)          - 
9.0 11.5 (0.1)          - 
8.9 11.6 (0.1)          - 
8.5 11.7 (0.1)          - 
8.0 11.9 (0.1)          - 
7.9 11.9 (0.1)          - 
7.5 11.8 (0.1)          - 
7.0 11.9 (0.1)          - 
∆+PHS/V23K/T62K 10.0 4.8 (0.2) -5.6 (0.3) 
8.9 4.0 (0.1) -7.6 (0.2) 
8.0 3.5 (0.1) -8.4 (0.2) 
∆+PHS/L25K/T41K 10.0 4.8 (0.3) -5.3 (0.4) 
9.0 4.2 (0.2) -7.3 (0.3) 
8.1 3.2 (0.1) -8.7 (0.2) 
∆+PHS/L25K/T62K 10.0 4.4 (0.1) -5.7 (0.2) 
8.9 3.0 (0.1) -8.6 (0.2) 
8.0 1.6 (0.1) -10.3 (0.2) 
∆+PHS/L25K/A109K 10.0 2.9 (0.2) -7.2 (0.3) 
8.9 2.1 (0.1) -9.5 (0.2) 
8.0 1.2 (0.1) -10.7 (0.2) 
∆+PHS/L25K/L125K 10.0 1.6 (0.2) -8.5 (0.3) 
8.9 0.3 (0.1) -11.3 (0.2) 
∆+PHS/L36K/T62K 9.9 4.8 (0.1) -5.6 (0.2) 
8.9 4.4 (0.1) -7.2 (0.2) 
8.0 3.5 (0.1) -8.4 (0.2) 
∆+PHS/L36K/I72K 9.9 2.1 (0.7) -8.3 (0.8) 
8.9 0.7 (0.2) -10.9 (0.3) 
∆+PHS/L36K/V74K 10.0 2.2 (0.4) -7.9 (0.5) 
8.9 0.4 (0.1) -11.2 (0.2) 
∆+PHS/L36K/L103K 9.8 3.4 (0.1) -7.0 (0.2) 
9.7 3.2 (0.2) -7.6 (0.3) 
 
9.5 3.2 (0.1) -8.1 (0.2) 
9.0 2.8 (0.1) -8.7 (0.2) 
8.6 2.4 (0.2) -9.3 (0.3) 
8.0 1.6 (0.5) -10.3 (0.6) 
∆+PHS/L36K/A109K 10.0 3.8 (0.1) -6.3 (0.2) 
9.5 3.6 (0.1) -7.7 (0.2) 
9.0 3.4 (0.1) -8.2 (0.2) 
8.6 3.0 (0.1) -8.7 (0.2) 
8.0 2.6 (0.1) -9.4 (0.2) 
7.5 1.8 (0.1) -10.1 (0.2) 
∆+PHS/T41K/V66K 10.0 5.5 (0.1) -4.6 (0.2) 
8.9 4.8 (0.1) -6.8 (0.2) 
8.0 3.8 (0.1) -8.1 (0.2) 
∆+PHS/T41K/I92K 9.8 3.0 (0.1) -7.4 (0.2) 
9.4 3.2 (0.1) -8.1 (0.2) 
9.0 3.3 (0.3) -8.2 (0.4) 
8.6 2.8 (0.1) -8.9 (0.2) 
8.0 2.0 (0.1) -9.9 (0.2) 
7.5 1.1 (0.1) -10.7 (0.2) 
∆+PHS/T41K/V99K 9.8 3.7 (0.1) -6.7 (0.2) 
9.5 3.9 (0.1) -7.5 (0.2) 
9.1 3.5 (0.1) -8.0 (0.2) 
8.7 3.3 (0.1) -8.3 (0.2) 
8.0 2.7 (0.1) -9.2 (0.2) 
7.5 2.0 (0.1) -9.8 (0.2) 
∆+PHS/T41K/L125K 9.9 4.8 (0.1) -5.7 (0.2) 
9.8 4.8 (0.2) -5.7 (0.3) 
9.0 4.5 (0.1) -7.1 (0.2) 
8.1 3.2 (0.1) -8.7 (0.2) 
7.1 1.9 (0.1) -10.1 (0.2) 
∆+PHS/T62K/V66K 10.0 4.9 (0.1) -5.2 (0.2) 
9.0 4.1 (0.1) -7.4 (0.2) 
8.0 3.1 (0.1) -8.8 (0.2) 
∆+PHS/T62K/V74K 9.9 3.9 (0.1) -6.5 (0.2) 
8.9 2.6 (0.1) -9.0 (0.2) 
8.0 0.9 (0.1) -11.0 (0.2) 
∆+PHS/T62K/A90K 9.9 2.3 (0.1) -8.1 (0.2) 
8.9 1.2 (0.1) -10.4 (0.2) 
∆+PHS/T62K/Y91K 9.9 2.7 (0.1) -7.7 (0.2) 
8.9 2.1 (0.2) -9.5 (0.3) 
8.0 1.7 (0.2) -10.2 (0.3) 
7.0 1.2 (0.2) -10.7 (0.3) 
∆+PHS/T62K/V104K 9.8 2.8 (0.1) -7.6 (0.2) 
 
8.9 1.5 (0.1) -10.1 (0.2) 
∆+PHS/T62K/L125K 9.8 4.1 (0.1) -6.3 (0.2) 
9.4 3.6 (0.1) -7.6 (0.2) 
9.0 3.0 (0.1) -8.5 (0.2) 
8.6 2.3 (0.1) -9.4 (0.2) 
8.5 2.1 (0.1) -9.6 (0.2) 
8.0 1.1 (0.2) -10.8 (0.3) 
∆+PHS/V66K/A109K 9.7 3.4 (0.1) -7.3 (0.2) 
9.6 3.4 (0.1) -7.4 (0.2) 
9.0 3.0 (0.1) -8.6 (0.2) 
8.6 2.5 (0.1) -9.2 (0.2) 
8.0 2.1 (0.1) -9.9 (0.2) 
7.5 1.3 (0.1) -10.6 (0.2) 
∆+PHS/I72K/V74K 9.9 1.7 (0.2) -8.7 (0.3) 
9.0 1.5 (0.2) -10.1 (0.3) 
∆+PHS/I72K/L103K 9.9 2.0 (0.4) -8.5 (0.5) 
9.0 1.1 (0.4) -10.4 (0.5) 
∆+PHS/V74K/L103K 10.0 2.7 (0.5) -7.4 (0.6) 
8.9 0.9 (0.2) -10.7 (0.3) 
∆+PHS/V74K/A109K 9.9 2.8 (0.1) -7.6 (0.2) 
8.9 2.0 (0.1) -9.6 (0.2) 
8.0 1.0 (0.1) -10.9 (0.2) 
∆+PHS/T41K/T62K/L103K 9.8 3.4 (0.1) -7.0 (0.2) 
8.9 2.2 (0.1) -9.4 (0.2) 
 
*   Fit errors are represented within parentheses 
†   ∆∆G°H2O = ∆G°H2O , Variant   -  ∆G°H2O , ∆+PHS   
 
the global unfolding of the protein at approximately the pH at which the rate of change in 
∆G°H2O occurs. It is also possible that limiting stability measurements to two pH values 
underestimates the number of proteins that exhibits this variable pH dependence. 
 Additivity in the properties of the two Lys residues can be examined more 
directly by comparing the sum of the effects of the individual Lys residues on the 
thermodynamic stability of the protein with the effects when the two Lys residues are 
incorporated into the same protein. In 13 of the 25 variants, the experimental ∆G°H2O at 
pH 10 was within error of the ∆G°H2O predicted by combining the value measured for the 
proteins with the single Lys residues. For 12 of the proteins, the measured stabilities were 
either higher or lower than the expected values, suggesting that in half of the variants the 
Lys residues do not behave with additivity. However, in no case are the deviations 
between expected and measured values large. The relatively high additivity suggests that 
in most variants the native fold is retained at least at high pH where the Lys residues are 
not expected to be charged and the effects from shifts in pKa are expected to be small.  
 
6.4.4 Structural studies with CD spectroscopy 
 To determine the extent to which the Lys substitutions affect the global structure 
of the protein, far-UV CD spectra were collected for 14 of the variants at pH values 
above and below the respective pHmid values. With the exception of the variant with 
T62K/Y91K, which is known to give anomalous far UV-CD spectra36,60,73 (Chapters 2 
and 3), the CD data of all of the variants collected near pH 9, well above the measured 
pHmid values, show that the proteins are fully folded and comparable to the ∆+PHS 





Figure 6.2 Far-UV CD spectra for double lysine variants. The background protein 
(∆+PHS) is shown in black, double lysine variants are shown in grey and the variant with 
T62K/Y91K is shown in blue. (A) high pH conditions near pH 9, and (B) low pH 
conditions at or below the pHmid of the protein variants.  
  
 
these more acidic conditions the protein is indeed fully unfolded or as unfolded as SNase 
becomes in water (Fig. 6.2B). The CD spectra demonstrate that the transition triggered by 
the change in pH is between two very different conformational states. 
 
6.4.5 Crystal structures 
 Crystal structures were solved primarily to demonstrate that burial of two Lys 
residues in the neutral state does not change the conformation of the protein in a 
detectable manner and to examine the microenvironments of the buried Lys side chains 
and the potential for interaction between them. Structures were determined for variants 
with I72K/V74K, V66K/A109K, and L36K/L103K substitutions (Fig. 6.3, Fig. 6.4, Table 
A5).  
 The structure of the variant with I72K/V74K was solved at both pH 7 and pH 9, 
bracketing one of the acid unfolding transitions, to 1.65 Å and 1.60 Å, respectively. In 
both structures, there is a slight perturbation to the β-barrel manifested as a shift of β-
strands 1-3 away from α-helix-1. The tertiary structure is comparable to that of the 
∆+PHS protein used as background for the Lys substitutions (PDB: 3BDC) with an 
overall Cα RMSD of 0.3 Å relative to 3BDC. For the structure solved at pH 7, there are 
water molecules approximately 3 Å from the amino groups of Lys-72 and Lys-74. Both 
Lys-72 and Lys-74 are also 2.8 Å away from the carbonyl oxygen atoms of Ala-69 and 
Pro-11, respectively. The solvent accessible surface area (SASA) for the Nζ of Lys-72 is 
24.1 Å2 (52%) and 6.3 Å2 (12%) for Lys-74. The structure solved at pH 9 is very similar 
to the pH 7 structure. The Nζ atom of Lys-74 has one nearby water 2.8 Å away and is 






Figure 6.3 Crystal structures of double Lys variants. Overlay of backbone traces of 
variants (blue) and ∆+PHS nuclease (white). (A) L36K/L103K (monomer) (PDB ID 
5I9O), (B) L36K/L103K (monomer from a domain swapped variant), (C) V66K/A109K, 
(D) I72K/V74K (pH 7) (PDB ID 4PMC). Notable structural differences are highlighted 







Figure 6.4 Microenvironments of substituted Lys residues. (A) ∆+PHS/L36K/L103K 
(pH 7) (B) ∆+PHS/L36K/L103K (pH 6), (C) ∆+PHS/V66K/A109K, and (D) 
∆+PHS/I72K/V74K. Nearby residues are represented as ball and stick with Lys shown in 
green, hydrophobic residues in yellow, and acidic residues shown in pink. Water 
molecules are depicted as light blue spheres. For clarity, β-strand 1 in D) and β-strands 1 




the end of α-helix 1, which is different from what is observed in the pH 7 structure. There 
is one water molecule 2.9 Å from the amino of Lys-72, and three carbonyl oxygen atoms 
(Val-66, Glu-67, and Ala-69) within 3.5 Å of the amine. In this high pH structure, solvent 
accessible surface area for the Nζ of Lys-72 is 6.8 Å2 (13%) and 3.7 Å2 (7%) for Lys-74.  
 In the 1.45 Å structure of the variant with V66K/A109K, the truncated omega 
loop consisting of residues 40-52 is flipped towards α-helix 3 relative to the orientation 
observed in the ∆+PHS protein used as background. The overall Cα RMSD is 0.3 Å 
relative to 3BDC. The Nζ of Lys-66 has 0.4 Å2 (0.7%) of solvent accessibility while Lys-
109 has 3.7 Å2 (6%) accessible so these are both buried Lys residues. Each internal Lys 
also has a single water molecule 3.0 Å from the amine. The Nζ of Lys-109 is 2.7 Å away 
from the Oδ1 of Asp-21 and 2.8 Å from the hydroxyl group on Thr-41. 
 Two structures were solved for the variant with the L36K/L103K substitutions. At 
pH 7, the protein is monomeric with two copies in the asymmetric unit. At pH 6, below 
the pHmid of this protein, the protein forms a homodimer in the asymmetric unit. The 
structure at pH 7, refined to 1.95 Å, has no significant differences between the two 
monomers within the asymmetric unit (Cα RMSD = 0.1). The Nζ of Lys-36 has a SASA 
of 1.1 Å2 (2.1%) and the Nζ of Lys-103 has 0.1 Å2 (0.2%) exposed to bulk solvent. There 
are no hydrogen bonding partners near Lys-36. Lys-103 has three potential interactions 
with a water molecule 2.6 Å away and the hydroxyl moieties on Thr-41 (2.6 Å) and Thr-
62 (3.0 Å). The 2.05 Å structure of ∆+PHS/L36K/L103K at pH 6 forms a homodimer in 
the asymmetric unit wherein residues 7-17 domain swap to form the majority of β-strand 
in the adjacent monomer. No significant differences were observed between the 
monomers (Cα RMSD = 0.3). Omitting the domain swapped portion, the overall tertiary 
 
structure of the rest of the protein is unchanged with a Cα RMSD of 0.4 Å relative to 
3BDC. The Nζ of both Lys-36 and Lys-103 are internal with less than 1% surface area 
accessible to bulk solvent. Lys-103 points towards the carbonyl of Gly-20, 3.4 Å away, 
and the Nζ atom is 3.1 Å and 3.0 Å away from the hydroxyl of Thr-62 and Thr-41, 
respectively. There is a water molecule 2.5 Å away from the Nζ of Lys-103. There is 
nothing within 3.5 Å of the Nζ atom of Lys-36, but there is a water molecule 3.6 Å away 
not seen in other structures containing the same mutation. 
 
6.5 Discussion 
 This study demonstrates that internal Lys residues with depressed pKa values can 
be used to engineer pH switch proteins that can undergo a large conformational transition 
in response to a small change in pH in the physiological range. The fact that SNase can 
be turned into a pH switch with many different pairs of Lys residues demonstrates this is 
a robust approach. From the knowledge of the pKa values of internal residues, it is even 
possible to predictably engineer cooperative pH switching behavior from a fully folded to 
fully unfolded states. 
 Of the 25 proteins created to test this approach, 6 variants (25/125, 36/72, 36/74, 
62/104, 62/125, and 74/103) met all three criteria of (1) having a pHmid within error of 
predicted value based on the behavior of the individual Lys substitutions, (2) undergoing 
cooperative unfolding, and (3) global unfolding was driven by the titration of both 
introduced Lys residues. Half of the variants tested, including those designed specifically 
to challenge the design principles, had a pHmid close to the predicted value, emphasizing 
that even when the unfolding was not two-state or driven by only one Lys residues, the 
 
thermodynamic approach used in this study can indeed be used to select mutation sites 
for engineering pH sensitive behavior. It is noteworthy that in some cases the design did 
not work as intended. These cases will be studied further to obtain insight into the 
limitations of this approach and potential problems when applied to other proteins. 
 
6.5.1 Interactions between sites 
 When the sites for substitution with Lys were selected, it was assumed that the 
pKa values of the Lys residues remained the same in the double variant as in the single 
variants and that the contributions of the individual Lys resides would be purely additive. 
Both of these assumptions should fail if the two Lys are situated close together in the 
tertiary structure - the charged state of one Lys would affect the other. To determine the 
extent to which the distance between the two Lys plays into the model, variants with 
mutations at different Lys-Lys distances were compared. Variants such as T62K/V66K, 
in which the Lys are close in both sequence and space, and variants such as V23K/T62K, 
where the Lys side chains are only near in space, are expected to deviate from predictions 
if the titration of the internal Lys are coupled. Possible indicators of such coupled 
titrations include a pHmid significantly different than predicted, multi-state unfolding, 
unfolding driven by the titration of only one Lys residue, and non-additivity in 
thermodynamic stability.  
 The distance between the amino groups of each Lys residue in the double Lys 
variants was predicted based on available crystal structures of single Lys variants. In 
general, the double Lys variants with a predicted distance between Lys amino groups 
> 10 Å met the three design criteria while variants with Lys-Lys distances predicted to be 
 
< 10 Å failed to meet at least one criterion. In these proteins, either the acid unfolds the 
protein a non two-state manner, the unfolding happens at a pHmid far from the predicted 
one, or there is evidence that only one of the two groups binds H+ coincident with the 
acid unfolding transition. Some variants, for example I72K/L103K and T62K/V74K with 
predicted distances between Lys amino groups of 16.5 Å and 12.9 Å, respectively, also 
exhibited apparent three-state unfolding during acid titration experiments. Interestingly, 
the pKa values measured for the Lys residues individually are near the more basic of the 
two pHmid values measured. This may indicate that in the case of these proteins both Lys 
residues become protonated prior to the global unfolding of the protein. It is possible that 
the titration of the Lys residues led to a significant yet incomplete shift towards an 
unfolded state, stopping at a stable yet partially unfolded state.  
 
6.5.2 Cooperativity 
 The proof of principle experiment with Lys-62 and Lys-125 demonstrating that a 
variant of SNase with two internal Lys residues with anomalous pKa values could be 
unfolded cooperatively was surprising (Chapter 5). Previous studies of SNase variants 
with individual Lys residues have shown that the Lys side chains are tolerated in the 
protein interior without the need for any structural adaptation, but that as the pH 
decreases below the pH corresponding to the normal pKa of 10.4 of Lys in water, 
conformational reorganization can ensue52,53,108,123. It was not obvious a priori that the 
substitution of a second internal position with Lys would not destroy the cooperative core 
of the protein. The variant with two internal Lys residues could well have responded with 
a slight conformational change that would lead to the normalization of one of the two 
 
anomalous pKa values, thereby eliminating the role of one of the two Lys residues as pH 
sensor, and lead to an unstable and partially unfolded protein that would unfold without 
cooperativity. But as the data with 25 other double Lys variants of SNase show, that is 
not what happened. In most variants, the protein, even after substitution of two internal 
positions with Lys, was still native-like at pH 9 and capable of undergoing a cooperative 
transition. This is consistent with the observation that by and large, the effects of each of 
the two internal Lys residues are additive. Regardless of the how the Lys side chains 
might interact with each other, most still behave as anomalous ionizable residues 
indicating that they are still buried in the protein interior and capable of driving the acid 
unfolding transition. 
 In this engineering exercise, it was assumed that partially unfolded intermediates 
would not be populated significantly during the acid unfolding reaction because partially 
unfolded states are usually higher in energy than the fully unfolded state. This ignored the 
fact that in variants of SNase with the internal Val-23 substituted with Glu or Lys 
populate a partially unfolded state in which the β1-β2 strands are flipped out53,58. Any 
substitution that decreases the energy gap between the folded and unfolded states can 
potentially alter the entire landscape of accessible partially folded states 115,163 and the 
substitutions with Lys could have lead to population of a partially unfolded state. While 
the crystal structures do suggest that two internal Lys residues lead to slight structural 
reorganization of the protein, the protein still unfolds cooperatively despite the fact that a 
small number of H+ are bound upon unfolding. 
 When ionizable groups are introduced to positions 23, 66, and 109, the protein 
undergoes structural reorganization concomitant with ionization of these 
 
groups1,52,58,108,123. The conformational reorganization allows the ionizable groups at these 
positions to contact water. These positions were chosen to act as control positions and 
were used in the creation of six variants. All six of these variants fell into the group of 
proteins in which only one of the two Lys residues contribute actively to the acid 
unfolding behavior by binding of an H+. Interestingly, all four proteins containing the 
T41K mutation also behaved in this manner. It is highly probable that a mutation at 
position 41 causes the truncated omega loop in the protein to swing in a similar fashion as 
is seen with mutations at position 109 thus exposing the nearby interior of the protein to 
water. The crystal structure of the variant with V66K/A109K illustrates this specific 
structural response as both it and the structure of a variant with A109R show identical 
positioning of the truncated omega loop and subsequent invasion of the protein interior 
with water molecules1. 
 
6.6 Conclusions 
 The engineering of pH switch proteins based on use of buried Lys residues with 
anomalous pKa values could have failed for a number of reasons. Yet, remarkably, the 25 
pairs of internal Lys that were selected led to behavior consistent with that of a pH switch 
that drives a large conformational transition in response to a small change in pH in the 
physiological range. In some cases the two Lys residues bound H+ concomitant with the 
unfolding reaction, but in some cases a pre-unfolding transition leads to the normalization 
of the pKa of one of the two Lys residues. All things considered, the behavior of the two 
Lys residues was highly additive, suggesting that important properties of the pH switches, 
 
such as the range of pH where the switch can be expected to be active, can be predicted 
based on known properties of the individual Lys residues.  
 The experimental data demonstrate that the design principle based on buried Lys 
residues with anomalous pKa values is robust. It is also general and transferable to other 
proteins, for two reasons. First, because the design takes advantage of the relatively dry 
character of the protein interior, which is common to all proteins and essential for the 
depression in pKa of Lys residues required to achieve pH sensing capabilities at 
physiological pH values. Second, because the design is based on the principles of linkage 
thermodynamics, which govern the coupling between equilibrium processes involving H+ 
binding and conformational transitions. All expectations are that this approach can be 
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